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Preface 


This book of problems has been compiled in accordance 
with the curriculum “Fundamentals of Heat Engineering 
and Hydraulics” for technicians of industrial and technolog- 
ical specialities. Each chapter contains the basic theoretical 
concepts, the computational formulas and relations and 
some typical problems, some of which are solved. 

Some of the problems and appendices are taken from the 
literature on the subject. The appendices contain the refer- 
ence data required to solve the problems. 

The problems mainly use International System of Units 
(ST). However, since many of the instruments used in indus- 
(ry are graduated using other systems of units, these units 
are also used in some problems. 

Chapters 1, 5, 6 and 411 and sections 7.2, 7.3, 8.4, 8.2, 
and 8.3 were written by V.G. Erokhin, and the rest of the 
hook by M.G. Makhan’ko. 


|. Fundamentals of Hydraulics. Pumps 


1.1. Physical Properties of Fluids 
1.1.1. Definitions 


Basic physical properties of liquids are density, specific 
gravity, compressibility and viscosity. 

Density p, kg/m, is the mass of a homogeneous fluid con- 
tained in a unit volume: 


p=, (1.1) 


where m is the mass of liquid, kg, and V is its volume, m3. 
Specific gravity y of a fluid, N/m’, is the weight per unit 
volume of the fluid: 


yee ; (1.2) 


where G is the weight of the fluid (the force of attraction 
by the Earth), N, and V is the volume, mi. 

Density and specific gravity are connected through the 
relation 


v= 08; (1.3) 


where g is the acceleration due to gravity, m/s?. 

The density and specific gravity of a liquid vary with pres- 
sure and temperature. 

Compressibility is the property of liquid to change its vol- 
ume with pressure. Compressibility is characterized by the 
isothermal volume compressibility y, m?/N: 


mer \4 
x= Vo Ap ’ 


where V, is the initial volume, m®, AV is the change in vol- 
ume, m3, and Ap is the change in pressure, Pa. 

The quantity reciprocal to isothermal volume compres- 
sibility is called the modulus of elasticity E of a liquid. The 


§ 


(1.4) 


modulus of elasticity for water under normal conditions 
can be assumed to be equal to E = 2.0 x 10° Pa. 

An increase in the volume of fluid being heated is char- 
acterized by the coefficient of thermal expansion y,, 1/°C: 


A’ 
w= Vo At * (1.5) 
Viscosity is the property of a fluid by virtue of which it 
offers a resistance to flow (shear) of its particles. 
Viscosity of a fluid is characterized by kinematic viscosity 
v, m?/s, and dynamic viscosity u, N-s/m?, which are con- 
nected through the following relation: 


rT 

v=, 1.6 

. (1.6) 

The temperature dependence of the kinematic viscosity 
of water is determined by the following formula: 


0.0178 
(4-+.0.0337# + 0.0002212?)-104 (1.7) 


The Engler viscosity is defined by the formula 
= 
ENS. : 


V= 


where 7, is the time during which 200 cm? of the fluid under 
investigation flow through the gauged orifice of a viscometer 
at a given temperature, s, and ty is the time during which 
200 cm® of distilled water flow through it at 20°C (water 
equivalent of the viscometer), s. 

Kinematic viscosity can be determined from the Engler 
viscosity with the help of the following formula: 


= ( 0.0734 °EV— oe ) -10-, (1.8) 


For the Engler viscosity exceeding 16 Engler degrees, 
the formula 
v = 7.4-10-§ °EV 
should be used. 
1.1.2. Problems 


1.1. The level of fuel oil in a vertical cylindrical tank of 
2 m diameter was lowered by 0.5 m during a certain time. 
Find the amount of consumed fuel oil if its density p is 
990 kg/m* at temperature of 20°C, 


Solution: 


V=FAh= "2 Ana 2X" 0521.57 mi. 

Answer: m = Vo = 1.57 X 990 = 1555.43 kg. 

1.2. Find the specific volume and specific gravity of a 
petroleum product if its density p is known to be 910 kg/m? 
and the acceleration due to gravity is g = 9.81 m/s?. 

Answer: v = 1.1 x 10-? m/kg, y = 8.93 x 10° N/m’. 

1.3. A steel drum is subjected to hydrostatic test under 
the excess pressure 2.0 MPa. Find the amount of water that 
should be additionally pumped into the drum if its geo- 
metrical volume is 10 m®. The drum deformation should be 
neglected. The isothermal volume compressibility of water 
should be taken equal to 


1 4 

x=5 x 10-® Pa (x =3x0r 

Answer: AV = 0.04 mi’. 

1.4. According to the conditions of hydrostatic test of 
a water pipe-line with diameter d = 200 mm and length 
1 = 1000 m, the pressure should be raised from the atmos- 
pheric pressure to 2 MPa. Find the extra volume of water 
for the pipe-line, neglecting the deformation of the pipes. 

Solution. The extra volume of water for the pipe-line can 
be calculated by formula (1.4): 

AV 
X= V, Ap ’ AV = yApV 5. 

At the end of the hydrostatic test, the volume of water 

in the pipe-line will be larger by the amount AV: 


Vo = Vou. + AV, 


m?/N ) < 


whence 
AV = x Ap (Vo. + AV). 
Finally, we get 


ay 
Va, =e p= BOF 408 = 31.4 mm’. 
This gives 
AV = 2x 4 x 109 me, 
ace (1-320) 


Answer: AV = 31.4 x 1073 m%, 
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4.5. Find the volume V;,, of a flash tank which should 
be mounted in a water-heating system with the water volume 
V,, if it is known that the maximum temperature difference 
of feed and return pipe-lines is 25 °C. The volume margin 
of the flash tank is three-fold. The temperature coefficient 
of thermal expansion for water is y; = 0.0006 1/°C. 

Solution. The volume of the flash tank can be found from 
formula (1.5). Then 


AV = y AtVy and V4 = 3AV. 


Consequently, 
Ve = 3x4 AtV, = 3 X 0.6 x 10-3 X 25V, = 0.045V,. 


Answer: 
Vig = 0.0457). 


1.6. Find the volume of the flash tank of a water-heating 
system if the thermal power of the system is known to be 
1.047 GJ/hr. The volume of 


water in hot-water boilers, é=4000m 


heating batteries and pipes of ies 
the system is equal to 301 per r 

every 4.49 MJ/hr of the ther- 

mal power. The ratio of vol- 

umes of water in the heating ¥ f 


system and flash tank is the 
same as in Problem 1.5. Yn 

Answer: V+4 = 0.3375 m3. = 

1.7. Heat is supplied to a 
district via a two-pipe heat Fig. 1.4 
line (Fig. 1.1) with the inter- 
nal diameter of pipes d,,=400 mm and length 1 = 4000 m. 
The heating water flow rate is Vy = 500 m*/hr. 

The make-up water flow rate is V_ = 5 m*/hr at the 
temperature of water in the heating system of 95 °C. 

Find the make-up water flow rate if the temperature of 
water in heat-exchanger (HE) is uniformly increased during 
1 hr from 70 to 95 °C at a constant pressure in the system. 

Solution. Let us find the volume of water in the feeding 
pipe-line: 


Vy= Pla SE p= 3X0" 4000 = 502 mi. 


Since the hourly discharge of water is less than the volume 
of the feeding pipe-line, water at the temperature of 95 °C 
cannot be fed to the load and cooled during 4 hr. 
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The volume of water will increase by AV = y AtV for 
the average increase in the water temperature in the feeding 
pipe-line by At = (95 — 70)/2 = 12.5 °C. 

Assuming that y, = 6 x 10-4 1/°C for water, we obtain 


AV = 6 x 10-4 x 12.5 x 502 = 3.76 m*/hr. 


Thus, the make-up water flow rate during the time when 
the temperature was raised is 


Vinee = Vm — AV = 5 — 3.76 = 1.24 m®/hr. 


1.8. Find the change in the volume of water in a heating 
system with volume V, = 100 m® as a result of water heating 
from the temperature t, = 15 °C tot, = 95 °C. The coeffici- 
ent of thermal expansion for water y; is 6 x 10-4 1/°C. 

Answer: V, = 105.42 m3. 

1.9. Find the change in volume of 27 t of a petroleum 
product in a storage tank caused by an increase in temper- 
ature from 20 to 50°C, if at ¢ = 20°C the density of the 
petroleum product 0.) = 900 kg/m? and the coefficient of 
thermal expansion is y, = 0.004 1/°C. 

Answer: AV = 0.90 mi’. 

1.10. The limiting height of fuel oil in a vertical cylin- 
drical tank at 0 °C is h, = 10 m. Find the fuel oil level at 
the temperature of the surroundings of 35 °C. The expansion 
of the tank should be neglected. The coefficient of thermal 
expansion for fuel oi] is y, = 0.004 1/°C. 

Answer: h = 9.65 m. 

1.41. Find the dynamic viscosity of a petroleum product 
whose Engler viscosity is 5 Engler degrees. Assume that the 
density of the product is equal to” 830 kg/m°. 

Solution. The kinematic viscosity can be determined by 
formula (4.8): 


je (0.0734 x5 ot | x 10-4 = 0.343 x 10-4 m?/s. 


Then the dynamic viscosity is 
wu = vo = 0.343 x 10-4 x 830 = 0.0285 N-s/m?. 


1.42. Find the Engler viscosity of a petroleum product if 
200 cm? of the product pass through the gauged orifice of a 
viscometer“during 153”s.” The water equivalent of the vis- 
cometer is 51 s. 

Answer: Engler viscosity EV is 3 Engler degrees, 
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1.2. Hydrostatics 


1.2.1. Definitions 


The forces acting on particles of a fluid are divided into 
the surface forces and bulk.(mass, body) forces. 

Surface forces include, for,,example, forces of pressure 
directed along the normal to the area element on which they 
are acting and the forces of internal friction which are 
tangential to the surface. 

Bulk forces include the force of gravity and inertial forces. 
These forces are characterized by accelerations which they 
impart to a unit mass, 

The force acting per unit area normally to, the surface 
bounding an infinitely small volume inside a liquid at rest 
is called the hydrostatic pressure. 

At any point of a liquid, the hydrostatic pressure is the 
sum of the pressure acting on the free surface of the fluid and 
the pressure of the columns of liquid whose height is equal 
to the distance from this point to the free surface: 


P = Po + pgh, (1.9) 


where p is the hydrostatic pressure, Pa, py is the pressure on 
the free surface of liquid, Pa, p is the density of liquid, 
kg/m®, g is the acceleration due to gravity, m/s’, and h is 
the height of the liquid column above the given point, m. 

This expression is called the fundamental equation of 
hydrostatics. It shows that the external pressure py on the 
free surface of a fluid is uniformly transferred to any point 
(Pascal’s law). 

Hydrostatic pressure is called the total, or absolute pres- 
SUre Paps, While the quantity pgh is called the relative pres- 
sure (or the excess pressure when the atmospheric pressure 
acts on the free surface of a liquid). Thus, if the pressure 
exerted on the free surface of a liquid is equal to the at- 
mospheric pressure, we have 


Paps = Patm + Pex: (4.10) 


When the absolute pressure is lower than the atmospheric 
pressure, a measuring instrument indicates rarefaction 
(vacuum): 

Paps = Patm — P vac (1.11) 


A negative excess pressure is called the vacuum-gauge 
pressure. 
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In the strength analysis of various water-development 
projects, the pressure of fluid on the wall and bottom of 
hydromechanical units has to be calculated. 

The excess pressure of liquid per unit area of a plane wall 


is given by 
Pex = pgh. (1.12) 


The total force acting on a plane wall is equal to the 
product of the wetted area of the wall, F,,, by the hydro- 
static pressure at its centre of mass: 


P = (py + pgh) Fy (1.13) 
In an open vessel, for pp = 0, the total force of pressure is 
P = pghe.m Fws (1.14) 


where h,.m is the depth of submergence of the centre of 
mass, m, and F,, is the wetted area of the wall, m?. 

The point of application of the force P is called the centre 
of pressure. Usually, the centre of pressure lies below the 
centre of mass of the wall. For example, for a rectangular 
wall, the centre of mass is at the half-height from the base, 
while the centre of pressure is only at one-third of the 
height. 

Cylindrical walls of tanks, boilers, pipes, etc. are a par- 
ticular case of a curvilinear wall. 

The total force of pressure acting on a cylindrical surface is 


P=V P2+ P3, (1.45) 


where P, is the horizontal component equal to the force of 
pressure of the fluid on the vertical projection of the cylin- 
drical surface, N: 


Py = P8he.m F vert (1.16) 
P,, is the vertical component of the force of pressure, N, 
P, = pgv. (1.17) 


It is equal to the force of gravity acting in the volume V 
of fluid bounded from above by the free surface of the fluid, 
from below, by the curvilinear solid surface under consider- 
ation, and from the sides, by the vertical surface drawn 
through the perimeter of the walls. 

The direction of the total force of pressure is determined 
by the angle formed by the vector P with the horizontal 
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plane! 


tan B= oe. (1.18) 
x 

For a vertical cylindrical tank, the vertical component P, 
is equal to zero. Consequently, the total force of pressure 
on the side surface is equal to P,;: 


P = P,. (1.19) 


Any submerged body is buoyed up with a force equal to 
the weight of the fluid displaced (Archimedes’ principle): 


P = ogy, (1.20) 


where P is the buoyancy (Archimedean force), N, p is the 
density of fluid, kg/m®, g is the acceleration due to gravity, 
m/s’, and V is the volume of the part of the body submerged 
in the fluid, m’. 
The product pV is called the displacement. 
Depending on the relation between the force of gravity of 
a body and the weight of fluid displaced by it, three states 
are possible. 
1. The weight of the body is larger than the weight of 
fluid displaced: 
G > ogV. 
Such a body sinks. 
2. The weight of the body is equal to the weight of dis- 
placed fluid: 
G = pgV. 


In this case the body floats, being submerged completely. 
3. The weight of the body is less than the weight of dis- 
placed fluid: 
G< pgV. 


With such a relation, the body floats on the surface so that 
it is submerged incompletely. 


1.2.2. Problems 


1.13. A pressure gauge mounted in a water pipe-line 
indicates the pressure 2 kgf/cm?. Find the absolute pressure 
in pascals, mH,O and mmHg. Assume that the atmospheric 
pressure iS Patm = 1 kgf/cm?. 

Solution. According to formula (1.10), we have 


Paps = 1 + 2 = 3 kgf/em?. 
45 


Let us express Paps in pascals (1 Pa = 1 N/m?). Consider- 
ing that 1 kgf = 9.81 N and 1 m* = 104 cm’, we get paps = 
3 x 9.81 x 104 = 294 300 N/m? = 0.2943 MPa. 

Now express Paps in mH,0: 


P = Pweh, Pw = 1000 kg/m, 


pp 3x 9.81 x 108 
h= = io xee1 30 mH,0. 


Finally, we calculate pays in mmHg: 


=—-.. p, = 13 600 kg/m, 
Pm& 
3 X 9.81 x 104 
ah = 73 600 X9.81 => 2.2 mHg = 2.2- 408 mmHg. 


Answer: Pays = 3 kgf/cm? = 0.2943 MPa = 30 mH,O = 
2.2 x 10° mmHg. 

1.14. Find the rarefaction created by a 50-m chimney if 
the average temperature of flue gas is 227 °C and the tem- 
perature of the surroundings is 27 °C. The density of gas and 
air at 0°C and 760 mmHg are 


pg = 1.27 kg/m*, paiy = 1.29 kg/m, 


respectively. 

Solution. The rarefaction created by the chimney is equal 
to the difference in the pressure of air surrounding the chim- 
ney and flue gas at the base of the chimney: 


S = Paty — Pg = (Po + hPaty8) — (Po + hogg) 
= h (Patr — Pg) 8: 


In accordance with the conditions specified in the problem, 
we have 


273 273 
Paty = Pair B+ fie =1.29 wo = 4.173 kg/m$, 
273 


Then the ee created by the chimney is 
S = 50 (4.173 — 0.694) 9.81 = 234,950 Pa, 
1.15. In a heat accumulator, heating steam is fed to the 
bulk of water through a perforated pipe at the depth of one 


metre from the upper level of water (Fig. 1.2). Calculate 
the minimum pressure for steam to be fed to the accumulator 
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if the pressure of the secondary steam (above the steam 
relieving area) is 0.2 MPa. 

Answer: p > 0.21 MPa. 

1.16. Some amount of mercury was poured into a U-tube 
and then one of its legs was filled with water and the other 


Heating 
siean 


Fig. 1.2 


with petrol (Fig. 1.3). When the upper levels of petrol and 
water coincided, the height of water column was 43 cm. 
Find the difference in the levels of mercury, if the density 


Fig. 1.3 Fig, 1.4 


of mercury is Pm = 13.6 x 108 kg/m? and the density of 
petrol is pp = 0.7 x 10% kg/m’. 

Answer: Ah = 0.01 m. 

1.17. Calculate the absolute pressure of water in a pipe- 
line, if a U-tube mercury manometer connected as shown in 


2—0394 17 


Fig. 1.4 indicated the pressure drop Ah = 500 mmHg The 
barometric pressure p, = 760 mmHg. 

Solution. Let us write the balance equation for the forces 
acting on sections /-/: 


Pans — PH20 = Pb — PHg> 


whence Paps = Pb — Pug + P20: 


PH.0 
PHg 


Paps = 760—500-+ 1.36 x 10°90 =370 mmHg. 


Px.0 = hy,0 
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1.18. Find the pressure difference in feed and return 
pipes of a water heating system if the difference in the 
mercury levels in a U-tube manometer is Ak = 500 mm. The 
pipes lie in the same horizontal plane. Express the answer 
in Pa, mmHg, and mH,0. 

Solution. The pressure difference in the feed and return 
pipe-lines can be found from the following equation: 


Pt + Pugh = py + Pugeh, 
Ap=P: — Pr = (PHg—P a0) Bh 
= (13.6 — 41) 108 x 9.84 
x 0.5 = 61.7 x 10° Pa. 


Hence 
Ap = 61.7 x 10 X 7.5 x1073 


= 462 mmHg, 
Ap = 61.7 x 10° x 0.401972 
Eps he x 10-8 = 6.3 mH,0. 


1.49. Find the level of fuel oil in a tank (Fig. 1.5) if 
an S-tube indicated the difference in the mercury levels of 
Ah = 250 mm. 

The density of fuel oil is p¢,, = 860 kg/m®. 

Answer: 3.97 m. 

4.20. An open rectangular tank is intended for storage of 
30 m® of water. Find the forces of pressure acting on the 
walls and bottom of the tank if the bottom width is 3 m 
and its length is 5 m. 
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Solution. Let us calculate the height of the walls (the 
height of water column in the tank): 


ek See! 


ab” 5x3 =2 m, 


The area of the bottom is Fy, = 5 X 3 = 15 m’, the sur- 
face areas of the wetted walls are Fy = 2 X 3 = 6 m? and 
Fy =2x5=10 m’. 

The force of pressure acting on the bottom of the tank is 
calculated as follows: . 


Py = pghFy = 1000 x 9.81 x 2 x 15 = 294 300 N. 
The force of pressure on the wall is 
Pw = (Po + P8he m.) Fw- 
Since the tank is open, pp = 0 and 


hem. = 5 h=f2=1 m. 
The force of pressure acting on the wall of a 3-m width is 
w = 1000 x 9.81 x 1 x 6 = 60 860 N. 


The force of pressure on the 5-m wide wall is 
Py = 1000 x 9.84 x 10 = 98 100 N. 


1.24. A vertical cylindrical tank havinga volume of 344 m® 
and height 4 m is filled with water. Find the forces of pres- 
sure exerted by water on the side wall and bottom of the 
tank. 

Solution. We determine the diameter of the tank: 

p= “= 4X 314 ad 
= th 3.14X4 


The force of pressure on the side wall is 


=10 m. 


h 2 
P= 08hc.mF vert = 08 > Dh = 1000 x 9.84 4 x0 
= 0.7848 MN. 


The force of pressure acting on the bottom of the tank is 


P = pgFyh=pg 72h = 1000 x 9.81 24X41" 4 _ 3.08 MN. 
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1.22. Calculate the force of water pressure on the bottom 
of a vessel with the area of the bottom of 0.25 m2, if the 
height of water is 2 m. 

Answer: P = 4,9 kN. 

1.23. Diesel fuel is stored in a cylindrical tank whose 
height is 8 m and diameter 5 m. Find the force acting on the 
side wall of the tank. The 
density of diesel fuel p = 
860 kg/m. 

Answer: P, = 4.25 MN. 

1.24. Find the pressure of 
water on the hull of a sub- 
marine submerged to the depth 
of 50 m. 

Answer: Dex = 0.49 MPa. 

Fig. 1.6 1.25. Find the absolute 
pressure if the vacuum gauge 
indication is 50 kPa for the barometric pressure of 100 kPa. 

Answer: Pays = 90 kPa. 

1.26. Calculate the pressure exerted on the inner wall of 
an open channel filled with water at the depth kh = 0.5 m 
from the surface if the barometric pressure is known to be 
equal 750 mmHg. 

Solution. We calculate the absolute pressure on the inner 
wall by formula (1.10), taking into account formula (4.42): 


Paps = Patm + pgh = 750 x 133.322 + 1000 x 9.84 
x 0.5 = 104 905 N/m? = 0.1049 MPa. 


Answer: Days = 0.1049 MPa. 

1.27. Calculate the pressure on the wall at a depth 
h = 1 m from the surface of a vessel filled with water. 

Answer: p = 9.81 kPa. 

1.28. Find the horizontal force acting on a dam (Fig. 1.6) 
of length ZL = 1000 m for water levels H, = 100 m and 
H, = 10 m in front of the dam and behind it. 

Solution. The force acting on the dam as viewed from the 
upstream wall is calculated by formula (1.14): 


P, = pghe m Fw. 
Since 


hen. = Hy and Fy=LH,, 
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we have 
P,=+ pgLHte 


P,= 4 x 1000 x 9.81 x 1000 x 100? = 49.05 GN. 


The force acting on the dam as viewed from the down- 
stream wall is 


P,=+ pgLHt =+ x 1000 x 9.81 x 1000 x 10% = 0.4905 GN, 


The resultant force acting on the dam in the horizontal 
direction (shearing force) is 
given by 
P = P, — P, = 49.05 

— 0.4905 = 48.56 GN. 


1.29. Determine whether a 
gold nugget contains an impu- 
rity if its weight in air is 
known to be G, = 9.65 N and 
in water Gy = 9.15 N. The 
density of pure gold is pg = 
19.3 x 108 kg/m. Fig. 1.7 

Solution. The gold nugget 
contains no impurity if its density p, is equal to the density 


of gold pg. 
The density of the nugget is 
— Go 
Pr = evn 


Using the weight of displaced water, we find Gj —Gy = 
ViPw8 


ou Go mat 9.65 ‘ 
Pn= 7G, —Gu) Go—Gw °¥ = "9.65—9.15 10 
Pw8 


= 19.3 x 103 kg/m. 


The nugget contains no impurity since p, = Pes 

1.30. A steam trap with a float open at the top (Fig. 1.7) 
operates at a pressure drop of 2 kgf/cm?. Find the filling 
V,, of the float for which the valve will open if the volume 
of the float V=5 1, the outlet diameter of the valve 


24 


d = 5mm and the mass of the float m = 1.5 kg. The density 
of condensate is p, = 945 kg/m’. 

Solution. Let us write the balance equation for the forces 
acting on the float: 


Voce + (Pi — Pe) fy = mg + Vaho8, 


where Vp,gis the buoyancy (Archimedean force), (p,; — Ds) fy 
is the force due to the pressure drop across the valve, f, is 
the cross-sectional area of the valve, mg is the weight of 
the float, and V,o,g is the weight of condensate in the 
float. 

Let us calculate the cross-sectional area of the valve: 


fa TZ SO tO" = 0.196 x 10° m?, 


The minimum filling required for opening the inlet valve is 


V,=V+ (Py — Pe) fy Gob x 40-3 


Pc& 
4 2x 9.81 x 104 x 0.196 x 10-4 _ 15 
945 x 9.84 945 


= 4,335 x 10-3 m$ = 4,355 1. 


1.31. Can a steam trap (with the specification given in 
Problem 1.30) be used in a unit with the pressure drop of 
10 kgf/cm?? 

Answer: No, it cannot, since in this case V, = 5.98 1, 
which exceeds 5 1. 

1.32. Determine the force acting on a wooden bar having 
a length / = 50.0cm, a cross-sectional area S = 200 cm? 
and completely immersed in water. The density of wood is 
Pwooa = 600 kg/m. 

Solution. The force acting on the bar completely immersed 
in water is equal to the difference between the buoyancy 
Py and the weight Gyooq of the har: 


P = Py — Gyooa Pr = Pw&V wood: Gwood = PwooadkV woods 
Vwooa = SI, P = gSIl (Pw — Pwooa) 
= 9.81 x 200 x 10-* x 0.5 (1000 — 600) = 39.24 N. 


1.33. Calculate the compressing force developed by a 
hydraulic press (Fig. 1.8) if the diameters of the larger and 
smaller pistons are D = 300 mm and d = 30 mm, the length 
of the lever 1 = 1000 mm, and the distance from the handle 
hinge to thesupport connected to the small piston a=100 mm. 
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The force G applied to the free end of the lever is 250 N. 
‘The weight of the pistons and friction force can be neglected. 


I" 


De P, 


D, 


Fig. 1.8 Fig. 1.9 


Solution. Let us calculate the force acting on the small 
niston. For this purpose, we write the equation for the 
torques about the hinge point: 

Gl = G,a, 
where 


‘d2 
G,= Fipy= ~ Py. 


It follows from the equation for the moments of forces 
that G, = Gl/a, and hence 


2 l 
~ P=G 7a” 
which gives 
1 4 
Pi= Go aaeé 
The compressing force of the large piston is given by 
aD? uD? ,1 4 1 ¢D\2 
@=7P =A 6a HOS (4) 
1000 / 300 \2 
G, = 250 = (=,-) =250 x 108 N= 250 kN. 


1.34. Two cylinders are connected by a pipe as shown in 
Fig. 1.9. The diameters of the first and second cylinders are 
D, = 50cm and D, = 20cm. The smaller cylinder is mount- 
ed at h = 0.5 m higher than the larger one. Find the force 
P, which should be applied to the larger piston to bring 
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the system to equilibrium if the force P, acting on the piston 
of the smaller cylinder is 500 N. 

Answer: P, = 5.084 kN. 

1.35. Solve Problem 1.34 provided that h = 0. 

Answer: P, = 3.122 kN. 

1.36. The plunger of a hydraulic press is subjected to a 
force P, = 50 N. The cross-sectional areas F, of the plunger 
and F, of the piston are 4 cm? and 144 cm? respectively. 
The efficiency of the press y = 0.85. Calculate the pressure 
developed by the press. 

Answer: P = 1.530 KN. 


1.3. Hydrodynamics 
1.3.1. Definitions 


Hydrodynamics deals with a fluid flow, i.e. the motion of 
a mass of fluid between the surfaces bounding it (the walls 
of pipes or channels). 

A fluid flow has the following characteristics: 

F,.,. is the open area, m?; 

Sw is the wetted perimeter or the open area perimeter, 
(i.e. the perimeter of the walls bounding the flow), m; 

R, is the hydraulic radius, m, 


Ry =o, (1.21) 
Ww 
The flow rate is the amount of fluid flowing per unit time 


through the open area of the flow. 
The volume flow rate, m‘/s, 


Yat, (4.22) 
and the mass flow rate, kg/s, 
m=, (1.23) 


are distinguished. 

We can also distinguish between the mass velocity and 
the volume velocity of a flow. 

The volume velocity of a flow is defined as the volume flow 
rate V, of the substance per unit open area F,.,. of the 
flow: 

pat (1.24) 


ee 


The mass velocity of a flow is defined as the mass flow rate 
m, of the substance per unit open area Fy... of the flow: 


mt —pv. (4.25) 


Fo.a.e 
In a steady-state flow, the same amount of liquid passes 


through any cross section of the flow per unit time (the 
continuity equation for the flow): 


Um = 


My, = Myo = mM; = const, 
or 
Vin => Vyo = V; = const. 


Using, for example, the concept of the volume flow veloc- 
ity, we can write the continuity equation in the following 


form: 


It follows from the continuity equation that the average 
flow velocities are inversely proportional to the correspond- 
ing free cross-sectional areas: 

vy __ Fa 
ieee (1.27) 

Two kinds of flow are distinguished: the laminar flow in 
which bands of fluid move without mixing, and the turbulent 
flow in which bands of fluid move at random, chaotically. 

A criterion determining the kind of flow is the Reynolds 
number 


Reka Oe = (1.28) 


where v is the average velocity of the flow, m/s, d is the 
pipe diameter, m, p is the density of the fluid, kg/m*, p 
is the dynamic viscosity, N-s/m*, and v is the kinematic 
viscosity, m?/s, 

In order to determine the type of flow in channels of 
arbitrary cross sections, the hydraulic radius Ry = d/4 is 
introduced into the formula for the Reynolds number: 

Re = Rh (4.29) 

The value Re = 2300 is called critical. 

It was found experimentally that in the smooth circular 
pipes, the laminar flow takes place at Re < 2300, while 
the turbulent flow occurs at Re > 2300. 
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The fundamental equation of hydraulics, which deter- 
mines the relation between the pressure and velocity in a 
flow of fluid, is the Bernoulli equation. 

For two arbitrary cross sections of a filament of an ideal 
fluid, the following energy balance equation holds (Fig. 1.10): 


or (1.30) 


In this equation, z,g and z,g are the specific energies of 
the position (height) of a particle in cross sections 7 and 2 
respectively, kJ/kg, p,/p and p,/p 
are the specific energy due to pres- 
sure, kJ/kg, vq/2 and v}/2 are the 
specific kinetic energies, kJ/kg. 

Dividing Eq. (1.30) termwise 
by g, we obtain 


Pi OE Peg 
Hig ag OEE pg Og 
(4.34) 


All terms of this equation have 
the dimensions of length and are 
measured by the height of a liquid 
column. 

Here z is the geometrical head, 
or the height of a particle rela- 
tive to the reference plane, m, p/pg is the pressure 
(piezometric) head, m, z + p/pg is the static head equal to 
the total potential energy stored in one kilogram of fluid, 
m, v{/2g is the dynamic head equal to the kinetic energy 
of one kilogram of fluid, m. 

Thus, for a steady-state flow of an ideal fluid, the following 
equation holds for any cross section: 


fe eraser 
z+ of + 3g const. (1.32) 


It is called the Bernoulli equation for a filament of an 
ideal fluid. 

For a flow of a real viscous fluid, the difference in the 
velocities along the flow should be taken into account. In 
practical calculations, the concept of average velocity is 
used. Then the rated values of the specific kinetic energy is 
somewhat smaller than the actual value. This circumstance 
is taken into consideration by introducing a correction 
coefficient « determined experimentally, 
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For a laminar flow of liquid in circular pipes, a = 2, 
while for a turbulent flow « ranges from 1.04 to 1.13. Under 
real conditions, pressure losses h}),; on the segment between 
the first and second cross sections under investigation should 
also be taken into account. e 

The pressure loss on a segment is the sum of the friction 
losses (linear losses) h; and local resistance losses hj ,: 


Iioss = hy + Iioee (1.33) 


On account of above arguments, the Bernoulli equation 
for a real fluid flow is written in the following form: 


2 
typ Ph per, Shem tg + Ef tty SE + Igsse (1-34) 


In an open flow, the velocity can be measured with the 
help of the Pitot tube. The schematic diagram of this in- 


Fig. 1.44 Fig. 1.42 


strument is shown in Fig. 1.11. The velocity of the flow at 
the lower open end of the Pitot tube is 


v= @V 2Qgh, (1.35) 


where q is the coefficient taking into account the parameters 
of the real fluid and structural features of the tubes and h 
is the height of fluid in the tube, m. 

The flow velocity in closed pipe-lines is determined from 
the difference in the readings of a Pitot tube, determining 
the total head p/pg -+ pv?/2g, and a piezometric tube 
indicating the pressure head p/og (Fig. 1.12). Having deter- 
mined Ah and taking into account the correction factor, we 
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can find the velocity, m/s: 


v= oV 2g Ah, (1.36) 


In practical measurements, an instrument combining two 
Pitot tubes is used (Fig. 1.13). In this head meter (Prandtl 
tube), the central channel serves for measuring the total 
head, while side orifices on the outer surface are used for 
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Fig, 1.43 


measuring pressure head. The taps on the central channel 
and side orifices are connected to a differential pressure 
gauge, and the difference Ah in the levels of liquid con- 
tained in the legs of the differential pressure gauge is directly 
obtained. 

The velocity of liquid flow at the point where the head 
meter is mounted is calculated by the formula 


= a. 

ay V 26 Ak ( m4), (1.37) 
where Ah is the difference in the levels of the legs of the 
differential pressure gauge, m, 9, and p, are the densities 
of liquid under investigation and contained in the pressure 
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gauge, kg/m’; a is the correction factor determined by the 
precision of manufacturing the tube and its size (a ranges 
from 1 to 1.04). 

The flow rate in long pipe-lines and ducts of arbitrary 
cross sections can be measured without disturbing the flow 
by a Venturi-tube water meter °(Fig. 1.14). 

In order to calculate the liquid flow rate, pressure 
heads are determined in the cylindrical parts of the Venturi 


Fig, 1.14 


water meter (sections J and JJ) and then their difference 
Ahisfound. If we assume that hj.,, = Oanda, = a, = 1, 
the Bernoulli equation yields 


v3 — vy = 2g Ah. 


Solving this equation simultaneously with the continuity 
equation for the flow, we obtain the expression for the 
velocity in the first cross section: 


ag Ah 
(fi/fe)?—1 
where f, and f, are the areas of the first and second cross 
sections respectively. 

The fluid flow rate through the instrument is defined as 
the product of the velocity v, by the cross-sectional area f,: 


“= 


2g Ah 
Veuh=fh Giict (1.38) 


Taking into account the flow rate coefficient u, we write 
this formula as follows: 


. 2g Ah 
VevhV Gye: (1.39) 
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As a rule, p ranges from 0.96 to 0.98. 

When a real liquid flows through a pipe, some fraction of 
its hydrodynamic head is spent for overcoming the linear h, 
and local hi 9, pressure losses. 

The linear (friction) loss h; is determined with the help 
of D’Arcy s law 


2 


l 
=> 0 (1.40) 


where A; is the coefficient of friction along the pipe; J is 
the length of the pipe, m, disits diameter, m, v isthe veloc- 
ity of flow at the pipe outlet, m/s, and po is the density of 
fluid, kg/m. 

For a laminar flow of fluid, the friction coefficient A, 
is determined by Poiseuille’s formula 


pe (1.44) 


For a turbulent flow through smooth-wall pipes, A, is 
calculated with the help of Blasius’ formula, if Re = 
104-105: 

0.316 
t= (1.42) 

When Re > 10°, the friction coefficient A; is calculated 

by the Nikuradse formula 
0.224 
hy = 0.0032 + = yaar (1.43) 

For a fluid flow through circular pipes, when 2300 < Re < 

Rejim (transition region), A; is determined from the formula 


A= 0.44 (422 +e)", (1.44) 
Reyim = 568 , (1.45) 


where d is the diameter of the pipe-line, m, & and keg are the 
absolute and equivalent roughness of pipes, m. 

For rough pipes in the quadratic zone, the following 
formula is employed: 


a= 0.11(4)?". (1.46) 


Formula (1.45) can be used for calculating vjym, i.e. the 
flow velocity at which the quadratic law of resistance is 
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valid: 


Re = Zim? 568 = ‘ 
v k 


whence 
Vitm = 568 £ (1.47) 


where v is the kinematic viscosity, m?/s. 
Local resistances are created by valves, dampers, in 
converging and diverging pipes, pipe-line bendings, etc. 
The head loss due to local resistances is determined by 
the formula 


higeest = (1.48) 


where € is the local coefficient of hydraulic resistance and 
v is the velocity of fluid, m/s. 

The values of local coefficients for various elements of 
pipe-lines are given in Appendix 2. The total head loss in 
a pipe-line is given by 


k= hy-t Dy Ries: (1.49) 


A sharp increase in pressure in a water-supply system as 
a result of an abrupt change in the flow velocity due to a 
sudden shutting off a valve is called the water hammer 
(hydraulic shock). Water hammer may lead to a damage of 
pipe-line ‘walls. 
An increase in pressure during a hydraulic shock is given 
by 
Ap = pcv, (1.50) 


where 0 is the density of liquid, kg/m’, v is the flow velocity 
before shutting off a valve, m/s, and c is the velocity of 
propagation of a shock wave, m/s. 

If the time ¢ of shutting off a valve is longer than the time T 
(phase) of a hydraulic shock (J = 2l/c, where J is the pipe- 
line length), the increase in pressure will not attain the 
maximum value. If the valve is closed slowly, the increase 
in pressure is determined by the formula 

Ap=pev ee (1.54) 

The hydraulic design of a water-supply system may include 
the calculation of the diameter d of the pipe-line, flow rate V, 
and head loss hj9,, over the length. For long pipe-lines, 


34 


only the head losses over the length are taken into account 
since local losses usually amount to only 10% of the 
net losses. For short pipe-lines, it is necessary to take into 
pote erenon local losses in addition to the losses over the 
ength. 

When the velocity of water in a pipe is v > 1.2 m/s, the 
hydraulic design of a simple pipe-line (without branch points) 
can be carried out on the basis of the following formulas. 

4. If the water flow rate V, m3/s, the admissible head 
loss hjy,, and the length J, m, are given, we can determine 
the flow rate characteristic K, m/s: 


a a 


ae 
Ve 7 


Here i = hj9,,/l is the hydraulic gradient and / is the pipe- 
line length, m. Using the value of this characteristic and 
rere tables, we can calculate the pipe-line diameter 
, m. 

2. If the water flow rate V, the diameter d and the length / 
of a pipe-line are given, the head loss can be determined 
as follows: 


(4.52) 


p2 
hos =p - (1.53) 


The value of K is determined from the tables in accordance 
with a given value of d. 

3. If the diameter d, length J and head Joss h,,)s, are given, 
the flow rate can be determined: 


V=K V 2e8=K VT. (1.54) 


If the velocity of water v < 1.2 m/s, the flow rate charac- 
teristic is determined by taking into account the correction 
factor 8. The values of A? and f are given in Tables 1.1 and 
1.2. 

If a simple pipe-line consists of several series-connected 
pipes of different diameters, the net head loss hi 9s, is calcu- 
lated as the sum of head Josses on individual segments: 


Iioss = hy + hy the +... thy. (4.55) 
Pipe-lines having parallel subcircuits which come from 


and meet at branch points are calculated under the con- 
dition that losses in all parallel subcircuits are equal, viz. 


Qioss i= hioss 2> ioss = Rioss ne (1.56) 
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Table 1.1 
The Values of K? for Standard Steel Pipes (V is given in m/s) 


425 0.009416 250 0.3874 
150 0.02226 275 0.6515 
475 0.05274 300 4.065 
200 0.1078 325 1.643 
225 0.2074 400 4.850 
Table 1.2 


The Values of Correction Factor 
v, 1/8 | 0.2 | 0.3 | 0.4 | 0.5 | 0.6 | 0.7 | 0.8 | 0.9 | 1.0 | 44 | 1.2 


6 |4.187[4.134/4.095[4.072/4 .054/4.040/4 .030/4.020/4.015] 4.01] 4.0 


The flow rates at the branch points are equal to the sum of 
the flow rates in individual branches: 


V, + Ve+Vs-+ Vn = V, (1.57) 
and hence 
Yi Ki ye VW Ki ye WK yin 
V2 = Ka, ly + Vs = Ks ly ’ Vn Kn ly ‘i 
(4.58) 


Provided that the pressure is uniform over the flow cross 
section, the velocity of the flow of an ideal fluid through an 
orifice in a thin wall is calculated by Torricelli’s formula 


vo=V 26H, (1.59) 


where vy is the velocity of outflow, m/s, and H is the excess 
level of liquid above the centre of the orifice, m. 

For a real liquid, the velocity of outflow is somewhat less 
than the theoretical value. This is taken into account by 
the velocity coefficient @ = 0.97-0.98: 


v=o) 22H. (4.60) 


The flow rate V, of an ideal liquid through an orifice is 
determined by the following formula: 


Vo=v,F =F V 2¢H, (1.61) 
where F is the area of the outlet, m?. 
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_ When the flow rate of an ideal liquid through a nozzle 
is calculated, the flow rate coefficient p is introduced: 


V = pvp. (1.62) 


The flow rate coefficients for some types of nozzles (see 
Fig. 1.22) are given in Table 1.3. 


Table 1.3 
Flow Rate Coefficient for Various Types of Nozzles 


Type of nozzle y 
External cylindrical 0.82 
Internal cylindrical 0.74 
Converging conical, with a 5° angle of convergence 0.92 
Diverging conical, with a 5° angle of divergence 0.57 
Bell-mouth orifice (in the form of a jet) 0.97 


1.3.2. Problems 


1.37. Calculate the mass flow rate of hot water in a pipe- 
line with the inner diameter d,, = 412 mm if the average 


A 8 C 


Fig. 1.15 


velocity of water v = 3 m/s and its density py = 917 kg/m’. 
Solution. Since the amount of water flowing per second 
through any cross section is 


2 2 
V=fu=*8 pa hxo del x 3=0.4 mis, 


the mass flow rate of water can be calculated as follows: 
m = Voy = 0.4 X 917 = 366.8 kg/s. 


1.38. Cross-sectional areas and open areas have been 
simultaneously measured in planes A, B and C on a straight 
segment of a river (Fig. 1.15). It was found that F, = 
50 m2, F , = 60 m? and F¢ = 65.5 m®. The water flow rate 
at the moment when open area was being determined amount 
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ed to V = 60 m/c, Calculate the average flow velocities in 
planes A, B and C. 

Solution. Let us write the continuity equation for the 
cross sections A, B and C: 


Fav, = Fgvyg = Fove = V. 


Hence it follows that 


"ayy? Yam yt Mem Fe 


Va = 1.2 m/s, 


Ve= = m/s, 
Vo= gee =0.96 mis. 

1.39. The water flow rate in a pipe-line is 0.314 m%/s. 
Calculate the diameter of the pipe-line if the velocity of 
water is 2 m/s. 

Answer: d = 0.445 m. 


Fig. 4.17 Fig. 1.18 


1.40. Calculate the hydraulic radius for a total-cross- 
section pipe with the inner diameter D = 412 mm (Fig. 1.16). 

Answer: R = 103 mm. 

1.41. Solve Problem 1.40 for a half-cross-section pipe 
(Fig. 4.47). 

Answer: R = 103 mm. 

1.42. Calculate the hydraulic radius of an open channel 
(Fig. 1.18) whose width b = 3 m and depth h = 1 m. 

Answer: R = 0.6 m. 

1.43. Steam generated in two boilers of the same capacity 
is delivered to a common collector and then to a turbine 
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(Fig. 1.49). Calculate the diameter dg of steam duct from 
the collector to the turbine if the diameters of pipes con- 
necting the boilers with the collector are d, = d, = 150mm, 
and the steam velocity is the same ev- 
erywhere. 
Answer: dg = 212 mm. 
1.44. The flow rate of hot water sup- 
plied to a user at 70 °Cis V=200 m°/hr. 
ay 4; The length of the pipe-line 7 = 1000 m, 
the inner diameter d,, = 259 mm, and 
the water pressure at the inlet of the 
line p, = 5 kgf/cm?. The level of the 
dy pipe-line axis at the outlet is 2 m higher 
than that at the initial point. Calculate 
the total head and pressure at the begin- 
ning and at the end of the pipe-line if the 
roughness of the pipes isk =5 x 10-*m 
and the head loss due to local resist- 
ance is equal to 10% of inner losses. 
Solution. The total head at the inlet 
(point 1) is determined with the help 
of Bernoulli’s equation: 


P vi 
A, =k te + ere ° 
The head at the outlet of the pipe-line (point 2) is 
Hy, = Ay — hiss. 
Head losses can be determined from Eq. (1.33): 


Fig. 1.49 


Irygse= Hy + tog = 14h = 14d 
Let us determine the flow characteristics of the pipe-line. 
The limiting velocity is 
Prim = 568 = 
For t = 70°C, the kinematic viscosity is 
v = 0.416 x 10° m*/s, 


iim = 568 24S I = 0,472 m?%/s. 


The velocity of water in the pipe-line is 


Ave 4 x 200 = 
Y= 3600nd?, 3600 X 3.14 X 0.289 = O88 70s 


Since v > vyjm, the value of A; should be determined in 
accordance with the formula (1.46): 


k 0.0005 \ 0.25 
Ay=0.14 (+) =0.11 (Goeg) 0.024. 
Finally, we can calculate the fiead losses by formula (1.40) 
for ¢ = 70°C (oy = 977.81 kg/m’), taking into account 
local losses which, in accordance with the conditions of the 
problem, amount to 0.4 of the linear losses: 


Ios = 1A x 0.024 AOD. OP" 977.84 = 64534.8 Pa. 


0.25 


If we take the reference point at z, = 0, we obtain 
Hy = 0+ er t ap er 51.186 m, 
AH, = 51.185 — 6.45 = 44.645 m. 
The pressure at the outlet of the pipe-line is 
Pa = Py — Moss — (22 — %) pg = 598066.5 
—64534.8 — (2 — 0) 977.81-9.81 = 408 210 Pa, 
Po = 408 210-1.01972-10-5 = 4.16 kgf/cm?. 


1.45. Calculate the maximum velocity of water (pw = 
1000 kg/m’) in a pipe-line if the difference between the total 
and piezometric heads measured by a mercury difference 
pressure gauge is 20 mmHg. 

Solution. The maximum velocity of water in the pipe will 
be observed at the centre of the pipe, i.e. will be directed 
along the axis of the tube used for measuring the dynamic 
head. Let us write the formula 


Vmax=aV 2g Ah (£m — 1 ) ; 


This gives 
Pm = 13 600 kgf/m3, 
Vaax= V/ 2x 9.81 x 20x 10-3 (350 4) 9.44 mis. 


1.46. Calculate the maximum velocity of water in a pipe- 
line, if the difference in the mercury levels in a U-shaped 
manometer connected to the pressure tube considered in 
Problem 1.45 is 10 mmHg. 

Answer: v = 1.54 m/s. 
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1.47. Calculate the gas velocity in the gas duct of a steam 
boiler if the dynamic head h,,; measured by an alcohol 
manometer is 4 mm and the average gas temperature t, 
in the gas duct is 367 °C. The gas density under standard 
conditions pg = 1.29 kg/m*, the density of alcohol pa; = 
0.8 x 10° kg/m’, and @ = 0.98. 

Solution. The gas velocity in the gas duct is calculated by 
formula (1.35): 


v=V Qghg, 
where hg, is the dynamic head, metres of gas column. 
The gas density at tg = 367 °C is 


5. 278 273 


Ps = Pea pr =1.29 13.367 0-59 kg/m3. 


Then the dynamic head in metres of gas column will be 


3 
hg= “abet = 20h Oe 5.82 metres of gascolumn. 


The gas velocity is then 
v=@V 2gh=0.98V 2x 9.81 x 5.82 =9.3 m/s. 


1.48. In order to determine the flow rate of petrol supplied 
through a pipe of diameter D = 20 mm, a nozzle with 
diameter d = 10 mm and piezometers are used as shown in 
Fig. 1.20. Calculate the petrol flow rate through the pipe if 
the difference in petrol levels in piezometers is Ah = 1 m. 
The flow rate coefficient of the nozzle » = 1. 

Answer: V'= 0.799 I/s. 

1.49. Calculate the theoretical flow rate of water if 
the head difference in the large and small cross sections of 
the Venturi water meter Ah = 500 mmHg. The pipe-line 
diameter D = 300 mm, the diameter of the cylindrical part 
of the water meter d = 100 mm (Fig. 1.21). 

Solution. For solving the problem, we use formula (1.38): 


The difference in piezometric heads is given by 


_ Akp.: (Om—Pw) g __0.9 (13.6—1) 10° 
ee eg Dios 8-3 mo. 


The water flow rate is 


ve 3.14 x 0.8 y pont =o 08715 m3/s. 
(on *) ~ 


1.50. Calculate the water flow rate if the piezometric 
head difference in the large and small cross sections of the 
water-meter tube (see Fig. 1.14) Ak = 250 mm, the diameter 


Fig, 1.20 Fig. 1.21 


of the large cross section D = 200 mm, the diameter of the 
small cross section d = 100 mm, and the flow rate coef- 
ficient p = 0.98. 

Answer: V = 0.0176 m3/s, 

1.51. For determining the water flow rate, a Venturi 
water meter with the following geometrical dimensions is 
used: D = 50 mm, d = 30 mm (Fig. 1.21). Calculate the 
water flow rate if the difference in the mercury levels in the 
legs of a U-tube differential manometer Ah = 400 mm. 

Answer: V = 7.5 I/s. 

1.52. Determine the flow conditions of saturated water 
flow in a pipe-line with the inner diameter of 125 mm if the 
volume flow rate Vi = 88.2 m®*/hr and the temperature of 
water is 150 °C. 
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Solution. In order to determine the flow conditions in 
the pipe-line, the Reynolds criterion 


vd 
Re= av 
should be calculated. The velocity of water flow is 


OP = nd8/e — 3500 X 3.44 x 0.425" 
Using Appendix 8, we find the value of pw for water at 
50 °C: 


pw = 186.2-10-§ N-s/m?. 
Then 
v = pv = 186.2 x 10-§ x 1.0906 x 10° 
= 0.202 x 10-° m?/s, 


Since 


_ 2x 0425 ‘ 
we have a turbulent flow. 

1.53. Calculate the limiting value of the velocity of 
water in a heating system pipe-line, above which the linear 
pressure drop (head loss) is directly proportional to the 
square of velocity. The temperature of water t = 150 °C, 
the absolute roughness of the pipes k = 5 x 10-* m. 

Solution. The limiting value of the water velocity, m/s, 
can be found from formula (1.47): 


vim = 568 —— . 


The kinematic viscosity of water at t = 150°C is calcu- 
lated by using Appendix 8 and formula (1.6): 


v = 0.202 x 10-§ m?/s. 


The limiting velocity of water in the pipes of the heat- 

supply system is 
0.202 x 10-8 
Vim = 968 Sapa = 0.23 m/s. 

1.54. Calculate the limiting velocity for saturated steam 
at t, = 250°C, if the absolute roughness & of the steam 
pipe-line is 2 x 10-* m. 

Answer: Vijjm = 2.59 m/s. 

1.55. Calculate the specific linear pressure drop in the 
pipe-line of a heat-supply system, if the inner diameter of 
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the pipes d = 100 mm, the temperature of water t = 150 °C, 
the velocity v = 2 m/s, and the absolute roughness of the pipes 


k=0.5 mm. 
Solution. The specific linear pressure drop is calculated 


by the formula 


3 
hs, = At or p- 


In order to select the formula for Az, it is necessary to 
determine the water flow conditions in accordance with 
the Reynolds criterion: 


vd 
Re = Tae 


The kinematic viscosity v for water at ¢ = 150°C is 
0.202 x 10-§ m?/s (see Appendix 8). Hence 


2x04 


Rejim= 568-4 =568 = 113 600. 


Bae 


Since Re > Reyym, the friction coefficient is calculated 
with the help of formula (1.46): 


a= 0.44 (F)"7*=0.41 (25% )°* 0.0292. 


The density of water at ¢ = 150 - is pw = 917 kg/m’. 
Then the specific linear pressure drop is 

ha, = 0.0292 XT — 535.5 Pa/m. 

1.56. Solve Problem 1.55 for the velocity of water equal 
to 0.2 m/s. 

Answer: 5.7 Pa/m. 

1.57. Steam at a pressure pay, = 100 kgf/cm? and tem- 
perature ¢ = 500 °C flows through a pipe-line internal di- 
ameter of 150 mm at a velocity v = 40 m/s. Calculate the 
hourly flow rate for steam and the Reynolds number. 

Answer: m, = 241.09 kg/s = 75.92 t/hr, Re = 6.17 x 108, 

1.58. Calculate the head loss in a straight pipe-line of 
length 2 = 1000 m through which a petroleum product of 
density p = 900 kg/m* is pumped at a flow rate V = 31.41/s. 
The inner diameter of pipes d = 200 mm and the friction 
loss coefficient 4 = 0.04. 

Answer: h, = 90 kPa. 
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‘1.59. Calculate an increase in pressure Ap caused by an 
abrupt shutting off a damper in a water-supply pipe, if the 
velocity of water is 1 m/s. The velocity c of propagation of 
a shock wave is equal to 1000 m/s. 

Solution. In order to determine the instantaneous increase 
in pressure, we use formula (1.50): 


Ap = pve = 1000 x 1000 x 1 = 108 Pa. 


1.60. Calculate the instantaneous increase in pressure in 
a pipe due to a hydraulic shock, if the inner diameter of the 
pipe d = 200 mm and the water flow rate V = 200 m*/hr. 
The velocity of propagation of the shock wave c = 1200 m/s. 

Answer: AH = 243 mH,0. 

1.61. Determine the minimum time of shutting off the 
valve of a 500-m pipe-line at the velocity of water v = 
2 m/s, if the admissible increase in pressure must be below 
0.5 MPa. 

Answer: t =4 8. 

1.62. Find the possible water consumption in a building 
situated at a distance of one kilometre from a water tower, 
if the level of water in the tower is maintained at a height 
of 20 m. Water must be supplied to the building to the 
height of 10 m. The inner diameter d of pipes in the water 
supply system is 175 mm. The pipe-line between the water 
tower and the building is straight. 

Solution. In order to determine the flow rate of water 
discharged from the water supply system in m/s, we make 
use of formula (1.54). 

The head drop is determined by the difference in the 
levels of water in the building and in the tower: 


Rioss = 20 — 10 = 10 m. 
Using Table 1.1 for d = 175 mm, we obtain 
K? = 0.05274, 


Aioss_ 
Va Ke bos, — 7/ 0.05274 3. = 0.023 m/s. 
1.63. Find the required level of water in a pressure tank 
intended for supplying water to the user via the pipe-line 
with diameter d = 125 mm and length / = 1200 m, if the 
water rate V = 60 m?/hr. 
Solution. The level of water in the pressure tank should 
be enough for overcoming the resistance in the line con- 
necting the tank with the user. Consequently, the level of 
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water in the tank should be greater than or equal to the 
head loss: 


I 
h>higs=V? 


The flow rate characteristic K, is found from Table 1.1. 
For d = 125 mm, K? = 0.009416. 
This gives 
60 \2 1200 
h2 (5605) 9.000416 39-9 m. 


1.64. Calculate the possible water consumption from a 
tank by the user located at a distance of 300 m, if the pipe- 
line has the inner diameter d = 150 mm and the level of 
water in the tank is maintained at 18 m. 

Answer: V = 133 m3/hr. 

1.65. Find the diameter of a pipe required for delivering 
180 m3/hr of water over the distance of 300 m, if the level 
of water in the pressure tank is 15 m higher than that in 
the intake. 

Answer: d = 175 mm. 

1.66. Calculate the velocity and the flow rate of water 
flowing out of a tank through a circular orifice with d = 
10 cm, if the level of water is higher than the centre of the 
orifice by H = 5 m. The flow rate coefficient u = 0.62. 

Solution. In order to calculate the actual velocity of water 
flowing through the orifice, we proceed as follows: 


v=V 2gH =0.98Y 2-9.81-5 =9.6 m/s, 
Fa d? = 0.785-0.42= 0.00785 m2. 


Taking into account the flow rate coefficient, the water 
consumption from the tank is calculated by the formula 


V=pF V 2gH =0.62 x 0.00785 V2 x 9.81 5 
= 0.048 m3/s, 
1.67. Find the leak of water through a hole in the pipe 
wall as a result of damage in a heat-supply system. The excess 
pressure in the system pex = 4 kgf/cm?, the temperature 
of water is 95 °C (py = 1000 kg/m), the area of the hole 
F = 1 cm’, and the flow rate coefficient » = 1. 


Solution. Let us calculate the mass flow rate, kg/s, through 
the hole formed in the system: 


G=Vo=ppF VY 2¢AH , 
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where V is the volume flow rate, m®/s, AH is the head loss, 
mH,0, 


Pex 4X 9.81 X 104 _ ; 
AH = “og = 1000x081 40 mH,0; 


G= 1000 x 1x 104*V 2x 9.81 x 40 =2.8 kg/s. 


1.68. Find the amount of water entering the hull of a 
ship through a hole with area F = 0.1 m? during an hour, 
if the centre of the hole is 5m 
——. — below the level of water out- 
=f — 4 Ia ad _ hoard. The flow rate coefficient 
‘ pa Ly pw = 0.6. 

Answer: V = 2160 m3/hr. 

1.69. Calculate the rate of 


fine eae ons St 
7 @' water flowing out of a basin 
+- (Fig. 4.22): : 


(d) through a hole in the wall 
(Fig. 1.22a); 
Fig. 1.22 through the inner cylindri- 


cal nozzle (Fig. 1.226); 
through the outer cylindrical nozzle (Fig. 1.22c); 
through the bell-mouth orifice (Fig. 1.22d). 

The inner diameter d of the outlet cross section is 100 mm. 
The level of water above the centre of the hole is 5 m. 

Answer: (a) V = 48.2 l/s, (b) V = 55.2 V/s, (ec) V= 
63.7 I/s, (d) V = 75.3 V/s. 


1.4. Pumps 


1.4.1. Definitions 


The head H of a pump is the amount of energy transferred 
by the pump to 1 kg of a liquid being pumped (Fig. 1.23): 


__ _Pout Pin Vout Yin 86 
H= oe 7 +Ah+ 3g ; (1.63) 
where Poyt and pin are the absolute pressures at the outlet 
and inlet of the pump, Pa, Ah is the vertical distance between 
the pressure tap of a vacuum gauge and the axis of the 
pointer of a pressure gauge, mM, Vout and Vj, are the outlet 
and inlet velocities, m/s. 
Since Pout = Patm + Pm Pin = Patm — Py, we have 
— Pm 4 Py _ Pout Pin 
H= BE + oF +Ah 4 3g (1.64) 


or 
v2. —v2 
H = lm thy +hh+—* = , (1.65) 


where Patm is the atmospheric pressure, Pa, pm and py are 
the readings of the manometer and vacuum gauge, Pa, and 
hm and hy are the readings of these instruments in mH,0. 

The sum of the readings of the manometer, vacuum gauge 
and the total head between the pressure taps of these in- 
struments is called the ma- 
nometric head Hyp: 

Ay = hm + hy + AR. 

(1.66) 

If the diameters of the in- 
let and outlet are equal, the 
total head of the pump is 
equal to the manometric 
head, H = Ay. 

The suction head of the 
pump is determined by the 
formula: 


_Po= Pin 
08 


v2 
— hws, Sa » (1.67) 


where py is the pressure at 
the free surface of the sucked 
liquid, Pa, py, is the pres- 
sure atthe pumpinlet, Pa, ‘ 
(Po — Pin)/pS=H vac is the Bigs: 1:20 
vacuum, metres of the co- 
lumn of liquid being pumped, hy.;,=APjoss/pg are the losses 
of energy in suction pipes measured in metres of the column 
of the liquid being pumped, Apjoss are the energy losses in 
suction pipes measured in Pa, vs, is the average velocity of 
paid in the suction pipe, m/s, and v2/2g is the dynamic head, 
mH,0. 

The useful power Ny;, W, is given by 


Nus = pgVH, (1.68) 


where V is the pump capacity, m*/s, o is the density of 
liquid, kg/m’, and H is the total head of the pump, m. 


hs.n. =. 
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The power Ny consumed by a pump is 


N= >. (1.69) 


The total efficiency yn, for piston pumps ranges between 
0.6 and 0.9, while for centrifugal pumps, it ranges from 
0.77 to 0.88. 

The relation between V, H, and WN for centrifugal pumps 
at any rotational speed n is written as follows: 


MM. Ais f VA Na =(4)’ 
Vo" ng’? He =( Ne 7 —N, \ ne ° ide) 


The actual capacity of a single-acting piston pump, m?/s, 
is defined by the formula 


FS 
V="-g- # (1.74) 
and of a double-acting pump, by 


Van CDSs (1.72) 


where F is the area of piston, m?, f is the cross-sectional area 
of the rod, m*, S is the piston stroke, m, n = w/2n is the 
rotational speed, rpm, is the angular velocity, rad/s, 
No is the volume efficiency (normally ranging from 0.85 
to 0.99), and i is the number of cylinders. 


1.4.2. Problems 


1.70. A pump with a capacity of 8 l/s discharges water 
through a 100-mm diameter pipe. The diameter of the inlet 
pipe is 125 mm. Find the total head of the pump, if the 
reading of the pressure gauge installed in the outlet pipe 
is 3.5 kgf/cm?, while the reading of a vacuum gauge in the 
inlet pipe is 300 mmHg. The distance between the pressure 
taps of the manometer and vacuum gauge is 1 m. 

Solution. The head of the pump is determined by the 
formula 


v2 ,—vp? 
H =Mrgy + hy +Ah +, 
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We recalculate the readings of the manometer and vacuum 
gauge to mH,O: 


Pm __ 3.59.81 X 108 _ 
m= peg = 4000x9-81 2) MH,O, 


13 6 
hy = hq, PD == 0,3 TP = 4.078 mH,0. 


From the given flow rate and the diameters of pipe-lines, 
we calculate the velocity of water in the outlet and inlet 


pipes: . 


_ 4X8 x 10-3 
Vout = 344X042 


4x 8x 1073 , 
Vn = S10 1p = 0-652 m/s. 


==1.019 m/s; 


Here 


Yout— Yin 1.0492—0.6522 
eo = seen ee mH,0. 


The head of the pump is 
H = 35 + 4.078 + 1 + 0.031 = 40.109 mH,0. 


1.71. Calculate the head of the pump with a capacity of 
0.0314 1/s, if the diameters of the inlet and outlet pipes are 
dy, = 250 mm and d,,; = 200 mm respectively. The read- 
ings of the manometer and vacuum gauge are 8.5 and 
0.4 kgf/cm?. The distance between the pressure tap of the 
vacuum gauge and the axis of the pointer of the pressure 
gauge Ah = 970 mm. 

Answer: H = 90 mH,0. 

1.72. Find the head of a pump if a manometer at the 
outlet shows p,, = 10 kgf/cm?, while a vacuum gauge at the 
inlet indicates py = 0.5 kgf/cem?. The vertical distance 
between the points where these instruments are installed Ah 
is 0.5 m. The diameters of the outlet and inlet are equal. 

Answer: H = 105.5 m. 

1.73. The capacity of a centrifugal pump V = 54 m*/hr. 
The readings of the manometer at the outlet and the vacuum 
gauge at the inlet are py, = 2.5 MPa and p, = 0.04 Pa. The 
vertical distance between the points of installation ofthe 
manometer and vacuum gauges Ah is 0.5 m. The outlet and 
inlet diameters are equal. The pump efficiency np = 0.65. 
Calculate the power developed on the pump shaft. 
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Answer: Ny = 6.8 kW. 

1.74. A pump lifts cold water from a well. The capacity 
of the pump V = 180 m*/hr, the diameter of the inlet pipe 
dy, = 250 mm. Find the maximum height of the pump axis 
above the level of water in the well, if the admissible inlet 
pressure pi, = 0.03 MPa. The total energy losses in the 
suction tract Apjoss = 8 kPa. The density of water p = 
1000 kg/m?. 

Solution. The maximum suction head is calculated by 
formula (1.67). Assuming that the atmospheric pressure 
Po = 0.1 MPa, we obtain 


Po—Pin __ (0.4—0.03) x 10° 


eo TOKO 7.135 m, 
hin= Ate os Gp gy = 0.815 m, 
Vin = San = Wa Bae O mE = 1019 m/s, 

2 2 
2 = er = 0.052 m. 


The maximum height of the pump axis above the level of 
water in the well is 


hi, = 7.1385 — 0.85 — 0.052 = 6.23 m. 

1.75. Calculate the capacity and the power demand of a 
piston one-cylinder double-acting pump, if the diameter of 
the cylinder D = 0.2 m, the piston rod diameter d = 0.04, 
the piston stroke S=0.25, the rotational speed of the pump 
shaft n = 90 rpm, and the volume efficiency yp is 0.92. 
The pump ensures the head H = 70 mH,0. The total ef- 
ficiency of the pump yp = 0.8. 

Solution. The capacity of a double-acting piston pump is 
determined by formula (4.72): 


(2 SO eee 0.25 X90 x 4 
V=0.92 Se ee 
= 0.021 m3/s, 


The power demand of the pump is 


_  pVH __ 1000 0.02470 __ 
=oanp  t02x08 115 RW. 


1.76. Find the capacity of a single-acting piston pump 
with the cylinder diameter D = 200 mm, the piston stroke 


48 


S = 200 mm, if the rotational speed n = 60 rpm and the 
volume efficiency ny = 0.95. 

Answer: V = 24.9 m/hr. 

1.77. Calculate the useful power of a pump having the 
following characteristics: the capacity V = 0.4 m/s, the 
geodesic suction head H,, 5.n, =* 4 m, the head lost in the 
suction pipe A), sp, = 6:5 m, the geodesic delivery head 
Hg, an. = 5.5 m, and the total efficiency is np = 0.9. 

Answer: Ny, = 200 kW. 

1.78. Find the power demand of a pump delivering V = 
20 m?/hr of water to the height H = 100 m. The total ef- 
ficiency jp = 0.8. 
v_Answer: N = 6.8 kW. 
to.1-79. The capacity of a centrifugal pump V, = 360 m*/hr 
for ahead H = 66 mH,O, the rotational speed n, = 960 rpm 
and the efficiency of the pump on account of all losses is 
Np = 0.65. Determine the power and the rotational speed of 
the electric motor required for increasing the capacity of the 
pump to V, = 520 m*/hr. What will be the head created by 
the pump in this case? 

Solution. Using the known values of V,, H and np, we 
determine the power of the electric motor: 


pV,H 4000 x 360 x 66 


N= 102yp  102x 3000X0.65 100 kw, 
Formulas (1.70) give 
V 520 x 960 
Ny = ms = = 1450 rpm. 


The power of the new motor, by formulas (1.70), is 


N, = eh 845 kW. 


The head corresponding to capacity V, is 


Hy St 6 00" 450 mH, 0. 


1.80. The capacity of a centrifugal feed pump V, = 
200 m°/hr, the rotational speed n, = 1450 rpm, the power 
demand N, = 135 kW, and the head H, = 140 mH,0. 

Calculate the capacity, head, and power demand of the 
pump if its rotational speed is reduced to ng = 960 rpm. 

Answer: V, = 132 m*/hr, H, = 61.5mH,0, NV, = 39 kW. 
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2. Fundamentals of Engineering 
Thermodynamics 


2.1. The State of a Working Fluid 


2.1.1. Definitions 


The physical state of a working fluid is determined by the 
three parameters of state: temperature, pressure and specific 
volume. 

Temperature characterizes the thermal state of a body and 
is measured in degrees. The numerical value of temperature 
depends on the adopted temperature scale. The following 
temperature scales are mainly used: the absolute thermo- 
dynamic temperature scale (7, K), the Celsius thermo- 
dynamic temperature scale (tf, °C), which is also called the 
international practical temperature scale (IPTS), and the 
Fahrenheit scale (t, °F). 

The absolute temperature of a body is given by 


TK =t°C + 273.15. 


In the Fahrenheit scale used in the Great Britain and 
USA, the melting temperature of ice is 32 °F and the boiling 
point of water is 212 °F. Consequently, 


t °C = 5/9 (t °F — 32). 


Pressure is the force exerted per unit surface area along 
the normal. The unit of pressure in SI is a pascal, equal 
to the pressure exerted by a force of one newton on the area 
of 1 m? (1 Pa =1 N/m?). The pressure higher than the 
atmospheric pressure is measured by pressure gauges (mano- 
meters). If a pressure is lower than the atmospheric pres- 
sure, vacuum gauges are used. 

The absolute pressure pay, is determined as the sum of 
the atmospheric (barometric) pressure p, and the reading 
of the pressure gauge (manometer) pm, which measures the 
excess pressure, 


Paps = Pp + Pm 


if the absolute pressure is higher than the atmospheric 
pressure. 


50 


If Paps < Pp: We have 
Paps = Pb — Py» 


where py is the reading of a vacuum gauge measuring rare- 
faction. 

The specific volume of a bodj, or the volume of a unit 
mass, is 

v=—, 
m 
where V and m are the volume and the mass of the body. 

Standard (normal) physical conditions correspond to t, = 
0 °C and py = 101 325 N/m? = 760 mmHg. 

The equation of state of a body establishes the relation 
between the state parameters. For an ideal gas, the equation 
of state is expressed by the Clapeyron equation: 

(a) for one kilogram of a gas, 


pv = RT, (2.4) 


where # is the gas constant, 
(b) for m kilograms of a gas, we have 


pV = mRT. (2.2) 


For one mole of an ideal gas, the state of the gas is de- 
scribed by the Mendeleev equation: 


pV, = pRT, (2.3) 


where V,, is the volume of a mole of the gas and p is the 
molecular mass. 
Under standard physical conditions, V, = 22.4 m?/kmole. 
The universal gas constant 


wR = 8314.3 J/(kmole-K). 


The gas constant is given by 


Ra BR 8814.3 (2.4) 


m m 


The volume V of a gas under arbitrary physical conditions 
(p and 7) can be reduced to the standard physical conditions 
(pn, and 7,) by the formula 


T 
Vy 2... 
% Pot 


Table 2.1 
The Values of » and R for Some Gases 


Gas Symbol | p B, J/(kg-K) 
Air 28.950 _ 287.195 
Ammonia NH; 17.030 488.215 
Argon Ar 39.948 208.128 
Carbon dioxide cO, 44.010 188 .918 
Carbon monoxide co 28.0105 296.827 
Helium He 4.0026 2077 .224 
Hydrogen H, 2.014 4128 .252 
Methane CH, 16.043 518.251 
Nitrogen Nz 28.043 296.015 
Oxygen O, 31.999 259.289 
Water vapour H,0 18.015 461.512 


2.1.2. Problems 


2.1. Find the absolute pressure of a gas in a vessel, if a 
mercury manometer indicates the excess pressure of 
300 mmHg, while a barometer shows 750 mmHg. 

Solution. The absolute pressure pay, in the vessel is 
higher than the barometric pressure and hence is equal to 
the sum of the excess manometric pressure py, and the baro- 
metric pressure Pp: 


Paps = Pm + Pp = 1050 mmHg = 0.143 MPa. 


2.2. Calculate the absolute pressure in a vessel if a 
vacuum gauge indicates rarefaction p, = 300 mmHg, while 
the barometric pressure is equal to 750 mmHg. 

Answer: Paps = 400 mmHg = 0.61 x 10° H/m?. 

2.3. A manometer joined to a gas cylinder indicates 
0.2 kgf/cm? while the barometric pressure is 760 mmHg. 
What will be the reading of the manometer if the barometric 
pressure drops to 730 mmHg? 

Solution. During the change in the barometric (atmospher- 
ic) pressure, the absolute pressure in the cylinder remains 
unchanged, but the excess pressure equal to the difference 
between the absolute and the barometric pressures will 
increase by 

Ap = 760 — 730 = 30 mmHg = 4 kPa. 


Consequently, 
Pma = Pm + Ap = 20 + 4 = 24 kPa. 
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2.4. A vacuum gauge which measures rarefaction in the 
condenser of a steam turbine indicates 715 mmHg at a 
barometric pressure of 745 mmHg. What will be the reading 
of the vacuum gauge if the barometric pressure increases to 
760 mmHg? 

Answer: py = 730 mmHg. 

2.5. Find the absolute pressure in a tank if a mercury 
manometer shows 1200 mmHg and a mercury barometer, 
750 mmHg at 30 °C. The temperature expansion of mercury 
should be taken into account through the formula h, = 
h (4 — 0.000172¢). 

Solution. Disregarding the temperature expansion of mer- 
cury, we have 


Paps = Pm + Pp = 1200 + 750 = 1950 mmHg = 0.265 MPa. 


Taking into account the corresponding correction, we get 
Paps = 9.265 (4 — 0.000172 x 30) = 0.261 MPa. 


2.6. What are the readings of a mercury vacuum gauge 
joined to the condenser of a steam turbine, if the barometric 
pressure is 750 mmHg, the absolute pressure in the condenser 
is 3.6 kPa, and the temperature at the point where the vac- 
uum gauge is mounted is 25 °C. 

Answer: py = 726 mmHg. 

2.7. The length of the column of water in the tube of a 
draught gauge joined to the gas duct of a boiler, inclined 
at 30° to the horizontal, is 136 mm. Calculate the absolute 
pressure Paps in the gas duct of the boiler for a barometric 
pressure of 740 mmHg. 

Answer: Pays = 98 kPa. 

2.8. In order to prevent the evaporation of mercury from 
the open end of the tube of a U-manometer, a 10-mm layer 
of water is poured on mercury. Calculate the relative error 
of mercury manometer introduced due to this, if it indicates 
350 mmHg. 

Answer: the relative error o = 0.21%. 

2.9. A sounding weather balloon is filled with hydrogen 
having the parameters of the surroundings: p, = 0.1 MPa 
and t, = 30°C. Find the buoyant force acting on a cubic 
metre of the volume of the balloon. What will be the buoyant 
force in winter at t = —30 °C? 

Solution. The buoyant force per cubic metre of the bal- 
loon volume depends on the difference between pa;, and 
Pu, The densities can be found from the equation of state. 
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The buoyant force is 


_ PE 1 7 1 
Ay= T (a2 Ry ) 
For summer conditions, 
108x 9.81 7 1 - 
AY: = ——393— (a an) = = 10.5 N/m?. 
For winter conditions, we have 
_ 105% 9.81 7 4 : 
Ayy = (a — — a) = 13.08 N/m’. 


2.10. Two oxygen cylinders of the same volume are joined 
by a pipe-line. Find the pressure which sets in in the cylin- 
ders at a temperature t = 25°C if the parameters of gas 
in the first and second cylinders prior to joining were p, = 
8.0 MPa, ¢, = 30°C and p, = 6.0 MPa, ft, = 20°C. 

Solution. The mass Zs oxygen in the cylinders is 


Pr Pa Vv 
Pee =(4 T° Tr) R° 
The pressure in the aa. after they have been joined is 


p= = (+ + a = (so +598) 7 = 6.99 MPa. 


2.11. The pressure in a cylinder with oxygen at —25 °C 
is 8.55 MPa. What is the reading of a manometer if the 
cylinder is heated to 30°C? The barometric pressure is 
0.4 MPa. 

Answer: p = 10.28 MPa. 

2.12. Find the molecular mass p of a gas if a 1-1 vessel 
contains 0.00267 kg of the gas at a temperature of 15 °C and 
pressure 0.2 MPa., 

Answer: p = 32. 

2.13. Which volume is occupied by one kilogram of air 
under standard conditions? 

Answer: v, = 0.7726 m3. 

2.14. Find the densities of nitrogen and oxygen under 
standard conditions. 

Answer: Py, = 1.25 kg/m’, po, = 1.43 kg/m’. 

2.15. What amount Am of air should be delivered by a 
compressor to a 20-1 cylinder in order to increase the pressure 
in it from 1 to 2 MPa at an ambient temperature of 18 °C 
and barometric pressure of 750 mmHg? 

Answer: Am = 0.24 kg. 


m =m, +m, = 
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2.16. Calculate the flow rate of methane in a gas pipe-line 
of diameter d = 800 mm, if the velocity of the gas is v = 
15 m/s and the absolute pressure is pa,, = 5 MPa at the 
temperature of 20 °C. 

Solution. The cross-sectional area of the pipe-line is 


ptt _ 3.14 X 0.82 


yi q =0,502 m?. 
The density of methane is 
_ Pp _ 5x40 
P= Rr = Fie.3x 003 = 92-9 kg/m. 


The mass flow rate of methane is then 
m = Fov = 0.502 x 32.9 x 15 = 247.5 kg/s. 


2.17. Calculate the capacity V, of a compressor in m°/s 
under standard physical conditions, if the compressor dis- 
charges 0.1 m°/s of air at p = 0.9 MPa and t = 160 °C. 

Answer: V, = 0.56 m/s. 

2.18. Find the capacity of a compressor at an ambient 
temperature of 20 °C and barometric pressure of 745 mmHg, 
if under standard conditions it is equal to 3 m°/min. 

Answer: V = 3.28 m°/min. 

2.19. An exhaust fan of a boiler unit discharges 
15 000 m°/hr of flue gas at a temperature of 135 °C and 
rarefaction in the gas duct of 100 mmH,0. Find the capacity: 
of the fan in kg/hr under the barometric pressure of 
745 mmHg, if the gas constant for flue gas is 298 J/(kg-K). 

Answer: m = 12100 kg/hr. 

2.20. A part of the gas is discharged from a vessel having 
the volume of 0.25 m® and containing oxygen under the 
absolute pressure of 3 MPa and temperature of 27 °C. The 
pressure in the vessel dropped to 2 MPa, and the temper- 
ature, to 10 °C. Find the amount Am of discharged oxygen. 

Answer: Am = 2.83 kg. 


2.2. Mixtures of Ideal Gases 
2.2.1. Definitions 


Working fluid for internal combustion engines, gas tur- 
bines, compressors, etc. is a mixture of gases. According to 
Dalton’s law, the pressure p in a mixture of ideal gases is 
equal to the sum of the partial pressures p;. 
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The partial pressure is the pressure exerted by an individ- 
ual component in the entire volume at the temperature of 
the mixture. If the volume of a mixture is V and the pressure 
is p, the partial pressure of an individual component is 
given by 


Vv 
Pi=P-s (2.5) 


where V; is the reduced volume of the individual component 
for the parameters of the mixture. 
* The mixture composition can be given in one of the fol- 
lowing ways. 
1. Mixture composition by mass 
(2) in absolute mass units 
m=m+me+..-+™m,, 


where m,, mMz,... are the masses of individual mixture com- 
ponents; 
(b) in relative mass fractions: 


EE fe tee t.. teat, 


X a=, (2.6) 


where g; = m,/m is the mass fraction of an individual mix- 
ture component.' 

2. Mixture composition by volume 

(a) in absolute units of volume 


v= V+ Vo+ coet Vas 
where V,, V,,... are the reduced volumes of individual 


mixture components, m3; 
(b) in relative volume fractions 


V V Vn ' 
pot tee tae tmet --- trn=i, 


m= 4, (2.7) 


where r; is the volume fraction of an individual component. 

A™mixture can be given by the number M of moles as the 
sum of numbers of moles M; of individual components. The 
molar fraction™of an individual component isYequal to the 
volume fraction: M,/M = r;. 
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The apparent molecular mass of a mixture is defined as 


n 
1 
p= r=. (2.8) 
i= 


ars 
= 
where yp; is the molecular mass of an individual mixture 
component.] 
The gas constant”of”a”mixture is given by 


n 
R= we = 8314 >} g:/uy (2.9) 


Dd ritti i=1 
i= 


The relation between the mass and volume fractions is 


Bi 

gant F—", ro, (2.10) 
rip Bi 
2 cate a Bi 


2.2.2. Problems 


2.21. The composition of a mixture by mass is 11% hydro- 
gen and 89% oxygen. Calculate the mixture composition by 
volume. 

Answer: ry, = 0.664 “and ro, = 0.336. 

2.22. Find the partial pressures of oxygen and nitrogen 
in air under standard conditions, if the air composition by 
mass is go, = 23.3% and gy,’ = 76.7%. 

Solution. The partial pressure of a mixture component is 
determined by the pressure of the mixture and the volume 
fraction of this component. The volume fraction r; can be 
determined if the mass fraction and the molecular mass p; 
and p of the given component and the mixture are known: 


32 
"0. = 9.933 0.767 0-71. 


32 28 
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Since Py r;=1, we have ry, =1—0.21=0.79. 


Then Revit 101 300 x 0.21 = 21 300 Pa. 
According to Dalton’s law, we have 


n 


> pi=p. 


Consequently, 
Pn, = 101 300 — 21 300 = 80 000 Pa. 


2.23. Calculate the molecular mass and gas constant for 
flue gas with the following composition by volume: 


CO, = 8.0%, O,= 10%, N, = 82%. 


Answer: » = 29.68, R = 280 J/(kg-K). 

2.24. The so-called fire-damp consists of 11.1% hydrogen 
and 88.9% oxygen by mass. Find its composition by volume, 
the gas constant and the density at the barometric pressure 
of 0.4 MPa and the temperature of 15 °C. 

Solution. The molecular mass of the mixture is 


1 
P= QT 0.889 = 12.0. 
2 32 
The gas constant of the mixture is given by 
R= 84 _ 699.37 I/(kg-K). 


pL 
The volume fractions of hydrogen and oxygen are 


ra, = 8H, qh = 0.1 = 0.666, 


ro, = 1 —Tuy = 1 — 0.666 = 0.334. 


The density of the gas mixture is determined from the 
equation of state: 


=0.501 kg/m’, 


2.25. Lighting gas produced in gas generators has the 
following composition by volume: ry, = 48%, rcu, = 30%. 
rco = 12%, and ry, = 5%. Find the ratio of densities of 
air and lighting gas under the same physical conditions. 

Answer: (\.g/Patr = 0.39. 
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2.26. The coke-oven gas contained in a spherical gas-holder 
of 5-m diameter has the following composition in volume 
fractions: ry, = 57%, rou, = 23%, rco = 6%, rco, = 2% 
and ry, = 12%. Find the mass of the gas at the excess 
pressure of 0.2 MPa. The parameters of the surrounding 
medium are p, = 700 mmHg and ¢t = 20 °C. 

Answer: m = 86.4 kg. 


2.3. Heat Capacity 


2.3.1. Definitions 


The heat capacity of a body is the amount of heat required 
for increasing its temperature by one degree. The heat capac- 
ity of a unit mass of substance is called the specific heat 
capacity, c, kJ/(kg-K). There are also heat capacity per unit 
volume C, kJ/(m*-K), and molar heat capacity wc, kJ/(mole- K) 


ee NC CX 22.4 ; (2.14) 
ny mn 

In heat engineering, specific heat capacity is simply called 
specific heat. The specific heat depends on the origin of the 
working fluid, its temperature and the nature of the process 

in which heat is supplied or removed. 
Specific heat of gases increases with temperature. If one 
kilogram of a gas is heated from t, °C to ¢, °C with the heat 


supply of g kJ, the average specific heat el} of the gas in 
the temperature interval (¢,, ¢,) is determined by the formula 


ts qd 


c|*= ‘ 
th te—ty 


The specific heat of a gas corresponding to a certain tem- 
perature is called the true heat capacity. 

The temperature dependence of the true specific heat of 
a gas has the following form: 


c=a+bt+ df4+... 


where a, b, and d are the coefficients which are constant for 
each gas. 

The average specific heat in the temperature interval 
(t,, t,) is given by 


[Paty tt) tS (8+ it FA) +... 
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For the temperature interval (0, t), we have 
fe eoeee a 
c=a+pt+ $e Seay 


If we know the tabulated values of the average specific 
heat lt, then the average specific heat in the temperature 
interval (é,, t.) is calculated as follows: 


ty 
ty 


ae (2.12) 


Mi 
c — 
ts 0 a—e 


c = 
ty ty—ty 


Of special importance for thermodynamics are the specific 
heats c, of a gas at constant pressure (i.e. for an isobaric 
process) and c, at constant volume (i.e. for an isochoric 
process). These specific heats are combined in Mayer’s 
relation: 


Cp =cp+ R. (2.13) 
The ratio of specific heats is 
4 =k, (2.14) 


where k is the adiabatic exponent. 
Specific heat capacities of a mixture of ideal gases are 
(a) specific heat of a mixture 


c= 3B wee (2.45) 
(b) heat capacity per unit volume of a mixture 
n 
C= > riC;. (2.16) 
i=t 


The specific heat of a working fluid in a polytropic process 
is given by 


ey area (2.17) 


n—1 


where 7 is the polytropic exponent. 
The heat required for heating a gasiscalculated as follows: 


Q=me | (t—t)=V0C | (t2—t) =Mue|" (tat), (2-48) 
where M is the number of moles of the gas. 


€0 


If the temperature dependence of specific heat of gases 
is disregarded, Table 2.2 can be used. 


Table 2.2 
bc, bey, . Bo ue, : 
Gas ha? 
kJ /(kmole- k) keal/(kmole+K) °p 
Monoatomic 12.56 20.93 3 5 5/3 
Diatomic 20.93 29.31 5 7 7/5 
Tri- and poly- 
atomic 28.34 37.68 7 9 9/7 


Interpolation formulas for calculating the true and 
average molar heat capacities of gases in the temperature 
interval from 0 to 1000 °C are given in Table 2.3. 


Table 2.3 


True heat capacity at Average heat capacity at 


Air 


H,O (steam) 


Gas p=const, kJ/(kmoie-K) 


Hcp = 28.5372 + 0.005390¢ 
Hep = 29.5802 -+0.006974¢ 
Hep = 28.3446 + 0.008152 
Hcp = 28.7395 +-0.005862¢ 
Hep = 41.3597 +-0.013204t 
Hep == 42.8728 4-0 .013204¢ 
Hcp = 28.7558-+ 0.005724t 
Hcp = 32.8367-+0.0116642 


p=const, kJ/(kmole-K) 


pe p|f = 28.7340 + 0.002349: 
He p|f = 29.2080 + 0.004072¢ 
pe p|) = 28. 7210-4 0.001201¢ 
pe p|’ = 28.8563 + 0.002681¢ 
He p|f = 38. 3955 + 0.010584¢ 
Wc p| = 40.4386 + 0.009956¢ 
He p|’ = 28. 8270+ 0.002708¢ 
He p|} = 33.1494 + 0.0052754 


2.3.2. Problems 


2.27. Calculate the specific heat and the heat capacity 
per unit volume of air at constant pressure and at constant 
volume, assuming that they are temperature-dependent. 

Answer: c, = 0.722 kJ/(kg-K), cp = 1.012 kJ/(kg-K), 


C, = 0.935 kJ/(m3-K), 


Cp = 1.308 kJ/(m?-K). 


2.28. Compare the true specific heat at constant pressure 
at 1000 °C with the average specific heat at constant pressure 
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for air in the temperature interval from 100 to 1000 °C, 
assuming that the temperature dependence of specific heat 
is linear (Table 2.3). 

Solution. The molecular mass of air pai, = 28.96. The 
true molar heat capacity of air at constant pressure is 


wcp = 28.7558 + 0.005721t. 


For t = 100°C, we have 
uc, = 28.7558 + 0.005721 x 100 = 29.328 kJ/(kmole-K), 
Cp = 1.012 kI/(kg-K). 


For a linear temperature dependence of molar heat capac- 
ity, the average molar heat capacity is determined by the 
formula 


hcp |.” = 28.8270 + 0.002708 (t, + t,). 


In the temperature interval from 100 to 1000 °C, we have 
uc, = 28.8270 + 2.980 = 31.807 kJ/(kmole-K), 
ely id kJ/(kg-K). 


2.29. Find the specific heat of oxygen at constant volume 
and at constant pressure, neglecting its temperature depen- 
dence. 

Answer: cy, = 0.655 kJ/(kg-K), cp = 0.916 kJ/(kg-K). 

2.30. Calculate the true specific heat of air at constant 
pressure for 800°C, assuming that its temperature depen- 
dence is linear. Compare it with the specific heat determined 
without taking into account the temperature dependence. 
What is the relative error in determining c, in the second 
case? 

Answer: (1) cp = 1.150kJ/(kg-K); (2) cp =1.012kJ/(kg--K), 
the relative error o = 12%. 

2.31. Calculate the relative increase in the isobaric 
specific heat of air uponits heating from ¢, = 0°C to t, = 
1000 °C, assuming that the temperature dependence of 
specific heat is linear. 

Answer: 20%. 

2.32. Find the specific heat cp, of a producer gas at a tem- 
perature of 0 °C, if its composition by volume is: rg, = 18%, 
Trco = 24%, Tcog = 6% and ry, = 52%. The temperature 
dependence of specific heat should be disregarded. 
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Solution. First we determine the composition of the pro- 
ducer gas by mass: 


&i=l; n Be ’ 
Dd ribi 
i=. 
8u = 18 SaE SS COSTS 
: 18X20 Ere 06 X 44--0.52 28 
=x = 48%, 
too Ar oT. 67%, 
860, = 6am 285 10.87%, 
en) eine") 96%. 


24.285 
The specific heats of individual mixture components are 
Cpy, = 14.20 kI/(kg-K), cpgg = 1.025 kJ/(kg-K), 
Cpgo, = 9-940 kI/(kg-K), cpy, = 1.020 kJ/(kg- K). 
This gives 


n 
Cp, = Zz 8ilp, = 14 x 20 x 0.0148 + 1.025 x 0.2767 


+ 0.940 x 0.1087 + 1.020 x 0.5996 = 1.207 kJ/(kg-K). 


2.33. Calculate the specific heat c, of combustion products 
at a temperature of 1000 °C if the fuel composition by volume 
is CO, = 12.2%, 0, =7.1%, CO=0.4%, and N, = 
80.3%. 

Answer: cy, = 1.213 kJ/(kg-K). 

2.34. What amount of heat is removed from one kilogram 
of a flue gas in the gas duct of a boiler, if its temperature 
decreases at constant pressure from 600 to 200 °C? The flue 
gas composition by volume is: CO, = 11%, O, = 7%, and 


Solution. We determine the flue gas composition by mass: 
CGO M0 ot a Se ee 9 
80, = Ge = SAT KEL .OT xX S2F0.B2 aR — 16.08%, 


Tips 


i=1 


7.0 x 32 
80,= 30.08 = 7.45%, 


£xg = 100 — 23.53 = 76.47%. 
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‘The average specific heat of individual components in the 
temperature interval from 300 to 500 °C is calculated with 
the help of the formulas contained in Table 2.3: 


600 38.3955 0.010584 x 800 
C700, [yyy Ee = 1.065, KI (kg-K), 
600 29.2080-+ 0.004072 x 800 __ 
C90, [pogo  = 1.014 KI/(kg-K). 
600 = 28.7340-+4+-0.002349 x 800 
PN, a aca = 1.093 kJ/(kg-K) 


The average specific heat of the gas mixture in the tem- 
perature interval from 300 to 500 °C is 


Con = Ly Bip, = 1.065 x 0.1608 + 1.014 x 0.0745 
i=1 


+ 1.093 x 0.7647 = 1.0826 kJ/(kg-K). 
The removed heat is given by 
q = Cp, At = 1.0826-(600 — 200) = 433 kJ/kg. 


2.35. Find the amount of heat_spent for heating air from 
—30 to 10 °C in an air-conditioning system, if 5000 m°/hr of 
air enters the air heater under the pressure of 750 mmHg. 
The specific heat of air is assumed to be temperature-in- 
dependent. 

Answer: Q = 290 000 kJ/hr. 

2.36. Two air flows with different temperatures ¢, = 320°C 
and t, = —20°C are mixed. Find the temperature of air 
after mixing, if the flow rate of hot air is 0.4 kg/s and of 
cold air, 0.3 kg/s. The temperature dependence of specific 
heat should be taken into account. 

Answer: t = 66.9 °C. 

2.37. A heating radiator gives off 2020 kJ of heat per hour 
to the air in the room. Calculate the increase in the air 
temperature during one hour in the room having the volume 
of 60 m°, ignoring the heat losses to the ambient. The initial 
temperature of air in the room is 18 °C and the barometric 
pressure is 0.4 MPa. The temperature dependence of specific 
heat should be neglected. 

Answer: tg = 46°C, At = 28 °C. 

2.38. Which amount of heat is required for heating 
4.5 m® of air from 15 to 300 °C under a constant pressure of 
0.4 MPa? The temperature dependence of specific heat 
should be neglected. 
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Answer: Q == 1572 kJ. 

2.39. In the air heater of a boiler, blast air is heated by 
a flue gas. The air temperature increases from ¢, ap = 20 °C 
to ts ayrp = 200 °C, while the temperature of flue gas drops 
from t, g = 350 °C tot, g = 150 JC: The flue gas composition 
by volume is 


TCO, = 12%, TH,o = 8%, To. = 6%, Tn, = 714%. 


Find the ratio of the flow rates of the flue gas and air, taking 
into account the temperature dependence of specific heats 
of air and flue gas. 

Solution. Assuming that all heat given up by the flue gas 
is spent for increasing the temperature of the blast air, we 
write the heat-balance equation: 


: ts 
“Pg | - (tue a tog) = Mair Da iy | 1 Ge 2air”— ty air)» 


where maj, is the ratio of flow rates of air and flue gas, kg/kg. 
The average specific heat of air is 


Mate i = 28,827 + 0.002708 x (20 + 200), 

Cray = 1-016 kJ/(kg-K). 

Consequently, 

“pglt 5 (ae teg) 

a i air 
“pair ty air (te air—¢1 air) 
350— 150 350 350 
= DOI XLT Py |yq = 19920, |, 59° 


The molecular mass of the flue gas is given by 


= >} rip; =0.12 x 4440.08 x 18+ 0.06 x 32 
i=1 
+0.74 x 28 = 29.39, 


The mass fractions of the components are 


&co,= 0.1254, 39 = 0.18, £11,0 = 0.08 


0, = 0.06 4, = 0,005; gy, = 0.74 soe5 


a 0.049, 


aeag = 0.705. 
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The average specific heats of individual components are 


Bepc0, gq = 38-3955 + 0.010584 x 500 = 43,675, 


350 
©1004] 129 = 0-993: 
Hepn,o|,., = 33-1494 + 0.005275 «500 = 35.7844, 
350 
Corso |¢4 = 1-988, 
Mp0, be = 29,2080 + 0.004072 x 500 = 31.2440, 
350 
Cro. |ys = 0-976: 
Hepy, es = 28.7340 -+ 0.002349 x 500 = 29,9085, 
350 
Con, [go = 1-068. 


The average specific heat of flue gas is 


n 


350 
a ie = Dy} aC p,, ines = 0.18 x 0.993 


+ 0.049 + 1.988 + 0.065 x 0.976 +-0.705 x 1.068 
= 1.092 kJ/(kg-K). 


Thus, map = 1.092-1.092 = 1.192 kg/kg. 

2.40. The true molar heat capacity pcp of air at constant 
pressure can be determined by the formula pcp = 28.7558 + 
0.0057208¢. Derive the formula for calculating the average 
heat capacity per unit volume at constant volume, C,,. 

Solution. The true heat capacity Cp per unit volume of air 
is determined from the relation 


Cy = ay = 1.284-+0,0002551. 


The average heat capacity per unit volume at constant 
pressure is given by 


Cp|, =a’ +0’ 5 = 1.284 + 0,000127¢. 


‘ihe average heat capacity per unit volume at constant 
volume is 


t t _— 
c,|\= Co|, — Rlggrg = 0-910-+ 0.000127¢, 


since R = 287 J/(kg-K) and p= 28.96 for air. 

2.41. Using the formula wc, = 28.8270 + 0.0027080¢ 
kJ/(kmole-K) for the average molar heat capacity of air, 
derive the formula for calculating the true heat capacity per 


unit volume of air at constant volume. 
Answer: Cy = 0.916 + 0.000242¢. 


2.4. The First Law of Thermodynamics 
2.4.1. Definitions 


The first law of thermodynamics is a special case of the 
general law of conservation and conversion of energy, applied 
to the processes of mutual conversion of heat and work. The 
law states that the sum of all forms of energy of an isolated 
system remains unchanged for any processes occurring in 
a system: 

W = const; dW = 0. 


In a thermodynamic process, heat Q supplied to a body is 
spent to change its internal energy and to do mechanical 


work: 
Q=AU+L. (2.19) 
For one kilogram of a working fluid, we have 
q= Au+l. 


2.4.2. Problems 


2.42. In an expansion process with the heat supply of 
120 kJ, one kilogram of air does work equal to 90 kJ. Find 
the change in the air temperature during this process, 
neglecting the temperature dependence of specific heat. 

Solution. In accordance with the first law of thermo- 
dynamics, the heat supplied to a body is spent to do work 
and to change the internal energy of the body: 


g=Au+l. 
Since Au=c,At, where 
Bey _—- 20.93 


= 0,722 kJ/(kg-K), 


“on 28.96 
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we have 


— g—l — 120—80 © ro 
At = “. 0.722 41.5 C, 

2.43. In the process of expansion, 200 kJ of heat are 
suplied to one kilogram of oxygen. Calculate the work done 
by the gas as a result of the process, if its temperature de- 
creases by 95°C. The temperature dependence of specific 
heat can be ignored. 

Answer: 262 kJ/kg. 

2.44. Find the change in the temperature of 10 kg of 
petroleum oil as a result of its heating and stirring, if the 
supplied heat @ = 200kJ and the work of mixing ZL = 36 kJ. 
The specific heat of oil is 2 kJ/(kg-K). 

Answer: At = 11.8 °C. 

2.45. Calculate the air flow rate in the cooling system of 
a Diesel engine having the power N = 38 kW, if the removed 
heat amounts to 75% of the useful power of the engine 
and the temperature of cooling air increases by 15 °C. 

Solution. The flow rate of heat removed in the cooling 
system 

Q = 0.75 X 38 = 28.5 kJ/s. 


From the heat balance equation for the air cooling the 
engine, we find 
_ _ Q 28.5 
~~ epAt 1.012 X15 


2.46. The heat of combustion of Diesel fuel is 42 000 kJ/kg. 
Find the work that can be obtained by using this fuel in 
a heat engine with the efficiency of 45%. 

Answer: EL = 5.25 kW-hr. 

2.47. The amount of heat liberated as a result of the 
fission of one kilogram of uranium in the reactor of an 
atomic power plant is estimated at 22.9 x 10®kW-hr. Which 
amount of coal having the heat of combustion equal to 
29 300 kJ/kg is required for obtaining the same amount of 
heat? 

Answer: 2813 t. 

2.48. On trials, an internal combustion engine having 
the power of 100 h.p. is loaded by a brake with water cooling. 
Find the flow rate of cooling water if its temperature in- 
creases by 40 °C as a result of the passage through the brake, 
and 15% of heat from the brake is removed by the surround- 
ing air. 


= 1.87 kg/s. 
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Answer: 0.373 kg/s. 

2.49. An internal combustion engine with the power of 
3000 h.p. operates with the heat flow rate of 8800 kJ/(kW-hr). 
Calculate the fuel consumption per hour, if the heat of com- 
bustion of fuel Q}’ = 42 000 k]/kg. 

Answer: 462 kg. 

2.50. Calculate the efficiency of a steam turbine power 
plant if 145 000 m*/hr of natural gas with the heat of com- 
bustion Q;’ = 33.5 MJ/m® are consumed to develop the 
power of 500 MW. 

Answer: 37%. 


2.5. Basic Thermodynamic Processes 


2.5.1. Definitions 


A change in the state of a body during its interaction with 
the surroundings is called a thermodynamic process. In the 
general case, all three parameters of state may change in a 
thermodynamic process. In engineering thermodynamics, the 
following basic thermodynamic processes are analyzed: 

(1) isochoric process occurring at constant volume 
(v = const); 

(2) isobaric process occurring at constant pressure 
(p = const); 

(3) isothermal process occurring at constant temperature 
(T = const); 

(4) adiabatic process occurring without external heat 
transfer (q = 0); 

(5) polytropic process occurring at constant specific heat 
of the working fluid. 

Table 2.4 contains the basic relations for calculating 
the above thermodynamic processes. 

The change in the internal energy during thermodynamic 
processes for an ideal gas is given by 


Au = ¢, (Tz — 7), (2.20) 
and the enthalpy is 
i=u- pov. 


The change in the enthalpy in any thermodynamic process 
involving an ideal gas is given by 


Ai = cp (T; — T)). (2.24) 
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2.5.2. Problems 


2.51. A closed vessel contains air under a pressure of 
730 mmHg at a temperature ¢; = 30°C. Find the pressure 
drop in the vessel as a result of cooling it to ¢, = —30 °C. 

Answer: py = 585 mmHg, Ap = 145 mmHg. 

2.52. Find the temperature to which a gas must be heated 
at constant volume in order to double its pressure, if the 
initial temperature ¢, = 15 °C. 

Answer: t, = 303 °C. 

2.53. A 1-m® vessel contains air under a pressure of 
0.5 MPa ata temperature of 20°C. What will be the 
temperature and pressure of air if 275 kJ of heat are 
supplied to it? 

Solution. The mass of air is 


_ pV _0.5 X10®°x4 
m= Rr = ~987 x 203 — 9-94 ke. 
If we ignore the temperature dependence of the specific 


heat, we get 
Cp = = Seog = 0.728 kJ/(kg-K). 


The temperature increase due to heat supply in the iso- 
choric process is given by 


Q 275 


At= Ti = 5d x07 


= 64°C, 


Consequently, 
t, = ¢t, + At = 20+ 64 = 84°C = 357 K. 
The air pressure at a end of the isochoric process is 


357 
Po = Py a = 0.5553 = 0.64 MPa. 


2.54. A 60-1 ce is filled with oxygen whose absolute 
pressure p, = 10 MPa at a temperature ¢, = 15°C. Find 
the pressure in the cylinder and the amount of heat supplied 
to ie is if the temperature in the cylinder is raised to 
t, = 40°C. 

Answer: Q = 131 kJ and p, = 10.87 MPa. 

2.55. A 40-1 cylinder is filled with oxygen whose absolute 
pressure p, = 12.5 MPa at a temperature ¢, = 20 °C. Cal- 
culate the flow rate of oxygen if the pressure and temperature 
in the cylinder drop to p, = 10 MPa and t, = 10°C re- 
spectively. 


UW 


Answer: 1.411 kg. 

2.56. The bulb of an incandescent lamp is filled with an 
inert gas. The average temperature of the gas in the glowing 
lamp is 150 °C and pressure 760 mmHg. Find the rarefaction 
in the lamp at the temperature of 20°C and barometric 
pressure of 745 mmHg. 

Answer: 218 mmHg. 

2.57. The absolute pressure in the cylinder of an internal 
combustion engine is 1.6 MPa and the temperature is 370 °C 
at the end of a pressure stroke. Fuel-air mixture is burnt 
at constant volume with the liberation of 400 kJ of heat 
per kilogram of the mixture. Find p, v and T in the cylinder 
at the end of burning without taking into account the tem- 
perature dependence of the specific heat, assuming that the 
combustion products have the properties of air. 

Solution. The specific volume of the combustion products is 


voy, = SE a 0415: mike, 


The temperature after the burning of the air-fuel mixture is 


ty = t+ L = 370-4 A = 9% °C. 


The final pressure in the cylinder is 


6 
Po= DP, f= SE = 2.98 MPa. 

2.58. An internal combustion engine operates with heat 
supply at v = const. The parameters of the fuel-air mixture 
before combustion are p, = 1.2 MPa and 7, = 673 K. 
Find the amount q of heat supplied per kilogram of the 
fuel-air mixture and the pressure p, at the end of com- 
bustion, if 7, = 2250 K. Assume that the combustion 
products have the properties of air, and take into account 
the temperature dependence of the specific heat of com- 
bustion products. 

Answer: q = 1547 kJ/kg, p, = 4.012 MPa. 

2.59. Find the power of an electrical air heater intended 
for heating an air flow from t, = —20°C to t, = 20°C at 
constant pressure py = 750 mmHg, if the capacity of the 
fan for cold air V — 0.5 m3/s. The temperature dependence 
of specific heat should be neglected. 

Solution. The capacity of the fan is 


pV 1x 108K 0.5 _ 
n= RT 287x253. 0.688 kg/s. 
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The power of the air heater is given by 


2.60. The air heater of a boiler unit heats air from 20 to 
250 °C at the constant absolute pressure of 0.14 MPa. Calcul- 
ate the work of expansion per kilogram of air and the amount 
of heat spent for heating one kilogram of air, taking into 
account the temperature dependence of the specific heat. 

Answer: q = 234.6 kJ/kg, 1 = 66.0 kJ/kg. 

2.61. The temperature of air in the air cooler of a two- 
stage compressor drops from 120 to 30°C at a constant 
absolute pressure of 0.35 MPa. Calculate the ratio of the 
volumes of air discharged from the first stage and entering 
the second stage after cooling. 

Answer: V,/V,. = 1.3. 

2.62. Which amount of heat must be supplied to one 
kilogram of air with the temperature of 20°C in order to 
double its volume at constant pressure? Calculate the air 
temperature at the end of the process. The specific heat of 
air should be assumed constant. 

Solution. We determine the air temperature at the end 
of the process: 


te Ts 9, 7, = 97, = 293 x 2=586 K = 313°C. 


a 
The change in temperature due to heat supply is 
At = t, — t, = 313 — 20 = 293 °C. 
The supplied heat is given by 
gq = Cy, At = 1.012 x 293 = 296.5 kJ/kg. 


2.63. Find the ratio of volume of air delivered by a fan 
at the temperature t,; = —30 °C through an air heater to the 
room to the volume discharged from the room, if the tem- 
perature of 25 °C is maintained in it. 

Answer: V,/V, = 1.226. 

2.64. The temperature of a gas in the cylinder of an in- 
ternal combustion engine increases during combustion at 
constant pressure from t, = 500°C to t, = 1500 °C. Find 
the work of expansion per kilogram of the gas, assuming 
that it has the properties of air. 

Answer: 287 kJ. 

2.65. The heat supplied to a gas at constant pressure is 
spent to change its internal energy and do work. Find the 
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amount of supplied heat and the change in the air tem- 
perature, if the work of expansion during isobaric heating 
a kilogram of air amounts to 20.5 kJ. 

Answer: At = 71.4°C and q = 71.8 kJ/kg. 

2.66. Air discharged from the first stage of a two-stage 
compressor having a capacity of 0.1 m/s is cooled at con- 
stant pressure from t, = 160°C to t, = 40°C before deli- 
vering to the second stage. Find the removed heat and the 
work of compression as a result of cooling. The parameters 
of the surrounding medium p, = 750 mmHg and t= 20°C. 

Solution. The capacity of the compressor is 

pV _1x10°x0.1 


The removed heat is given by 
Q = mc, AT = 0.119 x 1.012 x 120 = 14.4 kJ/s. 


The work of compression is 


L = mR AT = 0.119 x 287 x 10-3 x 120 = 4.1 kJ/s. 


2.67. In a cylinder with a movable piston, 0.3 m® of air 
expand at a constant pressure of 0.6 MPa, doing the work 
of 100 kJ. Calculate the final temperature of air if ¢; = 10 °C. 

Answer: t, = 167 °C. 

2.68. The absolute pressure at the end of compression in 
an internal combustion engine is 4 MPa and the tempera- 
ture is 550 °C. Find the parameters at the end of heat supply 
(q = 150 kJ/kg), if 50% of heat is supplied at v = const, 
and the rest 50%, at p = const. Assume that the working sub- 
stance (gas) has the properties of air. The temperature de- 
pendence of specific heat should be neglected. 

Answer: t = 728°C, p = 4.5 MPa, v = 0.059 m/kg. 

2.69. Calculate the fraction of heat supplied to a mono- 
atomic gas at constant pressure, which is spent for increas- 
ing its temperature. 

Answer: 60%. 

2.70. Air fed for ventilation of a room passes through an 
electrical air heater and is heated from ¢; = —20 °C to t, = 
15°C at a constant pressure of 750 mmHg. Find the 
capacity of the fan if the power of the air heater is 10 kW. 
Assume that the specific heat of air is constant. 

Answer: 0.282 kg/s. 

2.71. Calculate the power of a heater if it heats air de- 
livered by a fanfrom t, = —15 °C to t, = 15 °C. The capac- 
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ity of the fan is 3000 m/hr at the absolute pressure of 
800 mmHg. 

Answer: 36.45 kW. 

2.72. One kilogram of carbon dioxide is isothermally com- 
pressed at ¢, = 20°C so that its volume decreases to 1/10 
of its initial value. Find the final pressure, the work of com- 
pression and the removed heat if the initial pressure is 
0.4 MPa. 

Solution. The final pressure for an isothermal process is 
determined, in accordance with Table 2.4, from the relation 


Po = PV P= Prt =0.4 x 10=1.0 MPa. 


Since the internal energy remains unchanged in isothermal 
processes, the work of the gas is equivalent to heat: 


q=l=RT In “2 = 189 x 293 x 2.3 x log 0.1 = —127.3 kJ/kg. 
1 


2.73. As a result of isothermal compression of one kilo- 
gram of air, its pressure has increased from 0.1 to 0.5 MPa. 
Find the decrease in volume at ¢ = 10 °C and 100 °C. 

Answer: Avj=19° = 0.649 m8, Avjojooe = 0.856 m3, 

2.74, How many 100-cm® bulbs of electric lamps can be 
filled with nitrogen contained in a cylinder with the volume 
of 40 1 at the absolute pressure of 10 MPa and ¢ = 15 °C, 
if nitrogen in the bulb of a lamp must berarefied to 200 mmHg 
at the same temperature? 

Answer: 54 500 bulbs. 

2.75. Air contained in a cylinder under the piston has the 
absolute pressure p, = 0.12 MPa. Find the displacement 
of the piston and the pressure p, at the end of the process 
of isothermal compression, if a load G = 5 kg is addition- 
ally put on the piston. The piston diameter d = 100 mm, 
the height of the piston in the initial position kh, = 500 mm. 

Solution. The additional force produced by the load is 
given by 


AP X4 49 x4 
Ap = “4 = 2 *4_ = 6250 Pa=0.00625 MPa. 


The final pressure is 
Po = Pi, + Ap = 0.42 + 0.00625 = 0.12625 MPa. 


The volume of the cylinder in the initial state is 


V,=2 hy = 0.00393. m?, 
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The volume at the end of isothermal compression is found 
as follows: 


V,=V, 2+ = 0.00393 0.12 0.003735 m?. 
2 


0.12625 
The height of the piston after compression is 
V2 x4 
hy = mat = 0.475 m. 


The piston displacement is then 
Ah = h, — h, = 0.5 — 0.475 = 0.025 m. 


2.76. As a result of isothermal expansion of 0.3 m? of 
oxygen, its pressure has dropped from 0.3 MPa to 0.1 MPa. 
Find the final volume and the work of expansion, if t = 
20 °C. 

Answer: V, = 0.9 m3, L == 102 kJ. 

2.77. In the process of isothermal compression of 5 m3 
of nitrogen, 600 kJ of heat are removed. Find the work of 
compression, the final pressure p, and the volume V, of 
the compressed gas, if its initial pressure p, = 0.18 MPa. 

Solution. Since the work of an isothermal process is 
equivalent to heat, we have 


pwyin-2e 4, 
Hence 
Pin 9 OO 
Po PiVy 1805 
Let us find the pressure p,: 
Po = pye®-886 = 180 x 1.95 = 350 kPa = 0.35 MPa. 


The volume of compressed gas is given by 


— 0.666. 


Pi 0.18 
Ves Vea = ope oF m3, 

2.78. The work done in isothermal expansion of one kilo- 
gram of carbon dioxide for a three-fold increase in its volume 
is 120 kJ. Find the temperature of the gas in this process. 

Answer: t = 305 °C. 

2.79. One kilogram of air at a temperature ¢, = 20°C 
and pressure p, = 0.8 MPa adiabatically expands to the 
pressure p, = 0.2 MPa. Find the state parameters at the 
end of expansion, the work of the process and the change 
in the internal energy of the gas, 
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Solution. The temperature at the end of adiabatic expan- 
sion is calculated as follows: 


h-1 14-1 
fe Po ~h = 2 4.4 = ae 2 
T,=T, (2) = 293 (=) =198 K= —75°C. 
The specific volume of air at the end of expansion is 
po SO =0.284 m3/kg. 


The work of the adiabatic process is given by 


1A (Py To) = Py (293— 198) = 68.000 J. 


The change in the internal energy is 
Au = u, — u, = —! = —68 000 J. 


2.80. One cubic metre of air is adiabatically compressed 
until its volume decreases to 1/3 of its initial value. Find 
the work of compression if p, = 0.1 MPa and #, = 10°C. 

Answer: T, = 440K = 167°C, p, = 0.465 MPa, and 
L = 139 kJ/m’. 

2.81. As a result of adiabatic expansion, the temperature 
of air decreases from 20 to —10 °C, while the pressure drops 
to 740 mmHg. Find the initial pressure of air. 

Answer: p, = 1070 mmHg. 

2.82. The compression ratio ¢ for the cylinder of a Diesel 
engine is 16. Find the temperature ¢, at the end of adiabatic 
compression, if the temperature at the beginning of the 
process t, = 60 °C 

Answer: 736 °C. 

2.83. A cylinder contains carbon dioxide who e pressure 
Pi m determined by the manometer is 2.9 MPa and the tem- 
perature t, is 20 °C. Find the decrease in pressure and tem- 
perature in the cylinder if a half of the gas is released from it. 
Assume that carbon dioxide remaining in the cylinder ex- 
pands adiabatically. 

Solution. The discharge of a half of carbon dioxide from 
the cylinder is equivalent to a two-fold expansion of the 
remaining part of the gas. Consequently, the temperature 
at the end of the process is given by 


T,=T, (-t)*' = 293 (4-)' °°"! = 239K = — 34°C. 
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‘The absolute pressure in the cylinder is 
V,\a 4 \ 1.285 
meh (+) =2.9 (+) =1.2 MPa, 


The excess (manometric) pressure is 
Pom = 1.1 MPa. 


2.84. The temperature of air increases from 15 °C to 150 °C 
as a result of adiabatic compression. Find the final pres- 
sure if the initial pressure is 0.4 MPa. 

Answer: 0.383 MPa. 

2.85. One kilogram of nilrogen is compressed adiabatically 
so that its pressure increases from 0.1 to 1.0 MPa. The work 
of 200 kJ is done on the gas. Calculate the initial and final 
temperatures of nitrogen. 

Answer: t, = 15°C, t, = 283 °C. 

2.86. The work done in an adiabatic expansion of two 
kilograms of oxygen is equal to 26 kJ. Find the initial pres- 
sure and temperature, if the final parameters correspond 
to standard physical conditions, 

Answer: p, = 0.129 MPa and ¢, = 20°C. 

2.87. The pressure of 0.5 kg of air increases as a result of 
a polytropic compression from 0.1 to 1.0 MPa while its 
temperature increases from 18 to 180 °C. Find the polytropic 
exponent, the volume of the air at the beginning and at the 
end of compression, and the heat of the process. 

Solution. The polytropic exponent is found from the poly- 
tropic equation 


n-1 
To (m)* 
T Pi 
After transformations, we get 
log -22. 
dog to 1.24 


log — —log as log 10—log 501 
1 . 


The volume of the air at the beginning of compression is 


__mRT,__ 0.5X 287X291); . 
VW Se AS m8, 


“' The volume of the air at the end of compression is 
1 1 


Ve=V, (2+)*=0.4175.(4-)""™ = 0.0652 me, 
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The =a aue heat of the process is given by 
= 0,722: M—14 _ 0.48 kJ/(kg-K). 


c= ¢,—— 


Since the sais heat is HOE aelYes heat is removed in the 
process and its value is 


Q = me At = 0.5 < 0.48 X 162 = 38.9 kJ. 


2.88. The volume of air with the initial state parameters 
P, = 0.11 MPa and t, = —10°C decreases as a result of 
polytropic compression from 3 to 1.1 m3’, while its pressure 
increases to 0.45 MPa. Find the polytropic exponent of 
compression, the heat of the process, the work and the final 
temperature of the air. 

Answer: n= 14, Q=0, L = —412 kJ, t, = 121 °C. 

2.89. In polytropic compression of one kilogram of nitro- 
gen, 100 kJ of heat are removed and the work of 150 kJ 
is done. Find the final temperature ¢, of the gas if the initial 
temperature ¢, is 15 °C. 

Answer: t, = 81.8 °C. 

2.90. Air in the cylinder of a piston compressor is com- 
pressed polytropically with n = 1.25 so that its pressure 
increases from 0.3 to 0.9 MPa. Calculate the work of com- 
pression of one kilogram of air and its final temperature, 
i at the beginning of compression the temperature was 

0 °C. 

Answer: 1 = 94 kJ/kg, t, = 142 °C. 

2.91. Compare the work of compression and the final tem- 
peratures of air for isothermal, adiabatic and polytropic 
compressions with the polytropic exponent n = 1.25 from 
the initial parameters p, = 0.09 MPa and ¢, = 20°C to 
P, = 1.0 MPa. 

Answer: 1y, = —202.2 kJ/kg, T. 1s.= T, = 293K = 
20°C, lag = —208.0 Pa T. aa = 083 K = 310 °C; 
lpor = —207.8 kJ/kg, T. poi = 474K = 201 °C. 

2.92. The fuel-air mixture in the cylinder of a gas saitsenal 
combustion engine is compressed so that its temperature 
increases from 85 to 450 °C. Find the polytropic exponent 
of compression if the compression ratio in the cylinder 
V/V, = & = 8. 

Answer: n = 1.34. 

2.93. In the process of polytropic compression, the pres- 
sure of 2.5 m® of air increases from p, = 0.125 MPa to 
P2 = 0.6 MPa. The temperature’ in the process increases 
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from t, == 30°C to t, = 180 °C. Calculate the work of com- 
pression, heat and the change in the internal energy of the 
process. 

Answer: L = —452 kJ, Q = —62 kJ, AU = 390 kJ. 


2.6. The Second Law of Thermodynamics 


2.6.1. Definitions 


The second law of thermodynamics establishes the direction 
of evolution of spontaneous thermal processes in nature 
and formulates the conditions of conversion of heat into 
work. The law states that in nature heat can spontaneously 
go over only from hot to cold bodies. 

In accordance with the second law of thermodynamics, 
two bodies having different temperatures are required for 
conversion of heat into work in any heat engine. The hot 
body serves as a source of heat and the cold body as a heat 
absorber. The efficiency of a heat engine is always less than 
unity. 

The thermal efficiency of a heat engine is given by 


nat, (2.22) 
where Q, and Q, are respectively the heat supplied to the 
cycle and given off to the heat absorber. 

For an ideal cycle of a heat engine, viz. for a forward 
reversible Carnot cycle, we have 


Nteay{— 2a, Son 
c=1 T, 1 Tae’ (2.23) 
where 7, = Tmax is the temperature of the source of heat 
and T, = Tmin is the temperature of heat absorber. 

The thermal efficiency of any real cycle is always less 
than the thermal efficiency of the Carnot cycle for the same 
temperature interval. 

The most important state parameter of a substance is its 
entropy S. The change in entropy in a reversible thermo- 
dynamic process is determined by the equation which is an 
analytical form of the second law of thermodynamics: 


— 42 
dS=. (2.24) 


For one kilogram of substance, we have 
where dq is an infinitely small amount of heat supplied or 
removed in an elementary process at the temperature T, 
kJ/kg. 

The entropy is a function of state. Consequently, its 
change in a thermodynamic process is determined only by 
the initial and final values of the state parameters. The 
following expressions define the change in entropy for 

isochoric process 


T, 
As,=c, In T, (2.25) 


~ 


isobaric process 


As, =ep Ine , (2.26) 
1 
isothermal process 
ae PR 95 ve 
Asp = Rin i Rin ee (2.27) 
adiabatic process 
Asaa = 9, (2.28) 
and polytropic process 
n—k T 
As=c, at ize (2.29) 


2.6.2. Problems 


2.94. The temperature of one kilogram of air changes as 
a result of isochoric heating from t, = 20 °C to t, = 120°C. 
Calculate the change in entropy. 

Answer: As = 0.211 kJ/(kg-K). 

2.95. 100 kJ of heat are supplied to one kilogram of nitro- 
gen with the temperature of 25°C at a constant pressure 
(equal to 760 mmHg). Find the initial value of entropy and 
its change in the process. 

Solution. The change in the temperature in an isobaric 
process is given by 

q 100.000 
en 4.045 


The change in the entropy in this process is. 


393.7 
sae = 290.9 I/(kg-K). 


= 95.7 °C, 


As =e, In 22 = 1,045 x 2.3 x log 
1 
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from t, = 30 °C to ¢, = 180 °C. Calculate the work of com- 
pression, heat and the change in the internal energy of the 
process. 

Answer: L = —452 kJ, Q = —62 kJ, AU = 390 kJ. 


2.6. The Second Law of Thermodynamics 


2.6.1. Definitions 


The second law of thermodynamics establishes the direction 
of evolution of spontaneous thermal processes in nature 
and formulates the conditions of conversion of heat into 
work. The law states that in nature heat can spontaneously 
go over only from hot to cold bodies. 

In accordance with the second law of thermodynamics, 
two bodies having different temperatures are required for 
conversion of heat into work in any heat engine. The hot 
body serves as a source of heat and the cold body as a heat 
absorber. The efficiency of a heat engine is always less than 
unity. 

The thermal efficiency of a heat engine is given by 


n= —Z,; (2.22) 


where Q, and Q, are respectively the heat supplied to the 
cycle and given off to the heat absorber. 

For an ideal cycle of a heat engine, viz. for a forward 
reversible Carnot cycle, we have 


aes T. = Trin 
MWe=i— =i — jo (2.23) 
where 7, = Tmax is the temperature of the source of heat 
and T, = Tmin is the temperature of heat absorber. 

The thermal efficiency of any real cycle is always less 
than the thermal efficiency of the Carnot cycle for the same 
temperature interval. 

The most important state parameter of a substance is its 
entropy S. The change in entropy in a reversible thermo- 
dynamic process is determined by the equation which is an 
analytical form of the second law of thermodynamics: 


d 
asa. (2.24) 


For one kilogram of substance, we have 


where dq is an infinitely small amount of heat supplied or 
removed in an elementary process at the temperature 7, 
kJ/kg. 

The entropy is a function of state. Consequently, its 
change in a thermodynamic process is determined only by 
the initial and final values of the state parameters. The 
following expressions define the change in entropy for 

isochoric process 


As, =e, In 7 ; (2.25) 
isobaric process 
As, =¢p In 2 , (2.26) 
1 
isothermal process 
= Py _ ud 
Asp = Rin ne = Rin or ; (2.27) 
adiabatic process 
Asaa = 9, (2.28) 
and polytropic process 
n—k T. 
As=¢, —— In-. (2.29) 


2.6.2. Problems 


2.94. The temperature of one kilogram of air changes as 
a result of isochoric heating from t, = 20 °C to t, = 120 °C. 
Calculate the change in entropy. 

Answer: As = 0.211 kJ/(kg-K). 

2.95. 100 kJ of heat are supplied to one kilogram of nitro- 
gen with the temperature of 25 °C at a constant pressure 
(equal to 760 mmHg). Find the initial value of entropy and 
its change in the process. 

Solution. The change in the temperature in an isobaric 
process is given by 


Ap 0 2. 5 726. 


Ch 1.045 
The change in the entropy in this process is. 
As =e, In 72 = 1.045 x 2.3 x log S21 — 290.9 I/(kg-K). 
1 
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The initial value of the entropy is determined from the 
formula for the change in entropy in the process. Zero 
entropy is taken at standard conditions, i.e. s = s, = 0, 


Aso) = - — 8 = Sir 


s=c, nct— Rint =1.045 x 2.3 x log Sos 


273 
| "Wke- aK): 


2.96. Three kilograms of carbon dioxide at a temperature 
of 20°C are polytropically compressed with the polytropic 
exponent nm = 1.25. Find the change in pressure in this 
process, if the entropy in the process decreases by 0.128 kJ/K. 

Answer: p,/p, = 10. 

2.97. 3 kg of water at ¢, = 10°C are mixed with 2 kg 
of water at ¢t, = 80°C. Calculate the increase in entropy 
due to the irreversibility of the mixing process during which 
heat spontaneously goes over from the hot to cold body. 

Solution. The temperature of water after mixing can be 
determined from the heat-balance equation: 


MCyt, + MeCgt, = (m, + m,) ct. 


The specific heat of water can be assumed to be constant. 
Consequently, we have 


pes mMyt;+ Mot, _ BHO TAX 8) — 38 °C, 


m+ mM, 


Then the change in the entropies of the separate masses 
of water are given by 


AS, =3 x ¢ x 2.3 x log f= 3 x 4.19 x 2.3 log 55 
= 1.185 kJ/K, 
AS, =2 4.19 x 2.3 x log Sh — — 1,060 kI/K, 


The total change in the entropy is 
AS = AS, + AS, = 1.185 — 1.060 = 0.125 kJ/K. 


2.98. The pressure of one kilogram of air decreases as 
a result of throttling from 0.2 to 0.1 MPa. Calculate the 
increase in the entropy and the loss in the working capacity 
of air, if the temperature of the surroundings is 15 °C. 

Answer: As = 198.9 J/(kg-K), 1 = 57.3 kJ/kg. 
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2.99. The thermal efficiency of the cycle of a heat engine 
nt = 0.4 and the removed heat Q, = 120 kJ. Calculate the 
heat supplied to the cycle and the useful work. 

Answer: Q, = 200 kJ, L = 80 kJ. 

2.100. One kilogram of air is subjected to a Carnot cycle 
in the temperature interval from 927 to 27°C. The heat 
supplied to the cycle is equal to 30 kJ. Calculate the maxi- 
mum pressure in the cycle, thermal efficiency and useful 
work, if the minimal pressure in the cycle is 0.4 MPa. 

Answer: Pmax = 12.8 MPa, yy = 0.75, 1 = 22.5 kJ/kg. 

2.101. Heat is supplied during a Carnot cycle at the 
maximum temperature 7, = 1200 °C. The useful work ob- 
tained in the cycle is equal to 265 kJ. Find the thermal 
efficiency, the amount of supplied and removed heat and the 
minimum temperature 7,, if the working fluid is one kilo- 
gram of air and the relative change in volume in the iso- 
thermal processes is equal to 3. 

Solution. The amount of heat supplied in the isothermal 
process of expansion is given by 


q,=2.3RT, Xx log = = 287 x 1473 x 2.3 x log 3 


= 464 kJ/kg. 
The thermal efficiency is 


m= Lig = 0.57. 


The removed heat is calculated as follows: 
G2 = 4 (4 — nt) = 465 Xx 0.43 = 200 kJ/kg. 
The minimum temperature of the cycle is 
Tmin = Tmax (1 — nt) = 1473 (1 — 0.57) = 633.4 K. 


2.7. Steam 
2.7.1. Definitions 


Steam can be wet, dry saturated and superheated. 
The specific volume of wet steam is 


vy = av" + (1 — 2) v’, (2.30) 


where v’ and v” are the specific volumes of water and steam 
respectively on the saturation curve, m%/kg, and z is the 
dryness factor of steam. 
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The heat, enthalpy and entropy are given by the following 
relations: 
(a) for dry saturated steam 


MeaN +r, = + poo, 

a ee oe oe 

s”"=Cm In mat Tr? (2.31) 
where A’ = cpt, is the heat of boiling liquid, kJ/kg, r is 
the heat of evaporation, kJ/kg, v, is the specific volume of 
water at t = 0°C, 7, is the saturation temperature (or 
boiling point), K, and cm is the mean specific heat of water 
in the temperature interval from 0 to t, °C, kJ/(kg-K); 

(b) for wet steam 


Ape’ +ra, ix=Ay+ pro, 
Sx = Cm In es + a7 ; (2.32) 
(c) for superheated steam 
N=N+r+ Qsup, t=A+ pro, 


, T T 
$= Cm In 55+ G+ opm in ze (2.33) 


where Gsup = Cpm (J — T;) is the heat of superheat for 
steam, kJ/kg, T is the temperature of superheated steam, 
K, Cpm is the mean specific heat of superheated steam at con- 
stant pressure in the temperature interval from 7, to 7, 
kJ/(kg-K). 

The analysis of thermodynamic processes involving steam 
is made with the help of thermodynamic tables and phase 
diagrams of steam. The most important for calculating the 
processes with steam is the i-s diagram. Each point of this 
diagram corresponds to certain values of the state para- 
meters p, v, T, i ands. The i-s diagram contains isobars, 
isotherms and isochors. An adiabatical reversible process 
is depicted by a segment of a vertical straight line (s = 
const). 

The change in the internal energy Au and work / in any 
process are given by 


Au = Ug — Wy = (ig — ty) — (Pee — Pir), (2.34) 

L=q— Au = q — (ig — i) + (Pav — Pi%)- (2.35) 

The supplied or removed heat are given by the following 
relations: 
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in isochoric process 


qr = Au = (i, — i) — v (D2, — Py), (2.36) 
in isobaric process 
Ip = Ai = ip— i,, (2.37) 
in isothermal process 
qr = T As = T (8, — 4). (2.38) 


The subscripts 1 and 2 in these formulas correspond to 
the initial and final states of steam respectively. 


2.7.2. Problems 


2.102. Using a table, find the pressure, density, enthalpy 
and entropy of dry saturated steam at 200 °C. 

Answer: p= 1.555 MPa, op” = 7.862 kg/m’, i” = 
2793 kJ/kg, s” = 6.4318 kJ/(kg-K). 

2.103. Find the superheat of steam whose temperature is 
300 °C and pressure 1.5 MPa. Calculate the heat of super- 
heat for steam if its enthalpy is equal to 3033 kJ/kg. 

Solution. The saturation temperature for the pressure of 
1.5 MPa is 198.28 °C. Consequently, the superheat At = 
300 — 198.28 = 101.72. 

The enthalpy of superheated steam is given by 


i= i" + Qsup 


where i” is the enthalpy of dry saturated steam. 

For the pressure of 1.5 MPa, i” = 2792 kJ/kg. This 
gives Ysup = 3033 — 2792 = 341 kJ/kg. 

2.104. Calculate the temperature, specific volume and 
enthalpy of boiling water under the pressure of 10 MPa. 

Answer: t; = 310.96 °C, v’ = 0.00145 m3/kg, i’ = 
1407.7 kJ/kg. 

2.105. What is the state of steam if its pressure is 1 MPa 
and enthalpy is 2700 kJ/kg? 

Answer: the steam is wet, x = 0.92. 

2.106. Find the mass of 2 m? of steam under the pressure 
of 4 MPa and temperature 460 °C. 

Answer: 24.6 kg. 

2.107. The temperature ¢, of water entering a boiler is 
250 °C and the absolute pressure in the boiler p = 10 MPa. 
Find the heat supplied to the boiler for obtaining one kilo- 
gram of steam at the temperature ¢ = 500 °C. 
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Solution. This problem can be solved without using tables. 
The difference between the total heat of steam and the en- 
thalpy is equal to the work required to supply water to the 
boiler at 0°C. This work is 


pv, = 10 x 108 x 0.001 = 10000 J = 10 kJ, 


baat v, = 0.001 m3/kg is the specific volume of water at 
t=0°C. 

The enthalpy i of steam under the pressure of 10 MPa 
and at the temperature of 500°C is determined from the 
i-s diagram and is equal to 3390 kJ/kg. Then the heat of 
steam is 

i = i — pvy = 3390 — 10 = 3380 kJ/kg. 


The heat required for obtaining one kilogram of steam in 
the boiler is 
Ay = A— iy =A — Coty, 


where iy and ty are respectively the enthalpy, kJ/kg, and 
temperature, °C, of water delivered to the boiler, and c, 
is the specific heat of water at constant pressure for ty, 
kJ/(kg-K). This gives 


Ap» = 3380 — 4.866 x 250 = 2163.5 kJ/kg. 


2.108. Calculate the heat required for superheating steam 
having the pressure p = 1.6 MPa and the dryness factor 
xz = 0.98, if the temperature of superheating is 450 °C. 

Answer: 607 kJ/kg. 

2.109. Wet steam condenses in a steam turbine condenser 
under the pressure of 4 kPa at the dryness factor of 0.88. 
Calculate the amount of cooling water required for the con- 
densation of one kilogram of steam, if the temperature of 
cooling water in condenser pipes increases by 10°, and the 
condensate is removed at the temperature of condensation. 

Answer: 51.3 kg. 

2.110. A 10-m® steam boiler contains 5000 kg of water 
and dry saturated steam under the absolute pressure of 
3.5 MPa. Find the mass of steam in the boiler. 

Solution. The specific volume v’ of water in the saturation 
line under the pressure of 3.5 MPa is 0.001234 m?/kg. Hence, 
5000 kg of water occupy the volume Vy = 5000 x 
0.001234 = 6.17 m3. 

The volume occupied by steam is 


V, = 10 — 6.17 = 3.83 m3. 
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The specific volume of dry saturated steam under the 
pressure of 3.5 MPa is v” = 0.05815 m°/kg. 
The mass of steam in the boiler is 


ms, = V,/v" = 3.83/0.05815 = 66 kg. 


2.111. One kilogram of steam expands adiabatically. As 
a result, its pressure drops from 10.0 to 1.0 MPa. The initial 
temperature is 470 °C. Find the useful external work of the 
process (heat drop) and the final state of steam. 

Answer: Ai = 565 kJ/kg; steam is wet, x = 0.98. 

2.112. 100 kJ of heat are supplied under a constant pres- 
sure of 1.1 MPa to one kilogram of dry saturated steam. 
Find the final state, the change in the internal energy and 
the work done by the steam. 

Answer: t == 223°C, v, = 0.20 m3/kg, Au = 78 kJ/kg, 
1 == 22 kJ/kg, i, = 2880 kJ/kg, s, = 6.76 kJ/(kg-K). 

2.113. Steam having the initial pressure of 40 kPa and 
temperature of 100 °C expands adiabatically to the pressure 
of 4.0 kPa. Find the final state of steam and external useful 
work of its expansion. 

Answer: x = 0.915, ley, = i, — i, = 3385 kI/kg, i, = 
2350 kJ/kg, ss = 7.78 kJ/(kg-K), vz = 35 m%/kg. 


2.8. Outflow and Throttling of Gases and Vapours 
2.8.1. Definitions 


The outflow of gases and vapours is calculated on the basis 
of the first law of thermodynamics, which takes into account 
the work of thrust of the flowing gas and the change in its 
kinetic energy. 

The heat of the process involving an ideal gas can be 
written as follows: 


q= 


where i,, c, and ig, c, are the enthalpy and velocity in the 
flow cross sections under consideration. 

For an adiabatic flow, q = 0. 

The theoretical velocity at the nozzle outlet is given by 


= 448 (iyi) + (Zig)? (2.39) 
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where i, and i, are the enthalpies of vapour or gas at the 
inlet and outlet of the nozzle, kJ/kg, and c, is the velocity 
at the inlet, m/s. 

The theoretical gas flow rate through a nozzle in a steady- 
state flow is 


m, = tL, (2.40) 


where c,, f and v are respectively the theoretical velocity, 
cross-sectional area and the specific volume of vapour or 
gas in the nozzle cross section under consideration. 
For the nozzle outlet, we have 
m= ; (2.41) 


vy 
for the minimum cross section of the Laval nozzle, 
ey fe 
m=. (2.42) 


Ver 


The critical pressure ratio for a nozzle is given by 


Be=(za7) > (2.43) 


where k =c,/c, for gases. 
The values of B,, for some gases are given below: 


Diatomic gas ........... 0.528 
Superheated steam. ........ 0.546 
Saturated steam .......... 0.577 


The pressure in the throat of a Laval nozzle is 
Pth = Per = Pober- (2.44) 


While calculating the outflow of ideal gases, use can also 
be made of the following formulas: 


C= V2-4; j RT. i—- “he Ty 4 ti (2.45) 
where B = p,/py is the pressure ratio for a nozzle, and 


k+i 
m= fy V2 qty HG) DR_p >), (2.46) 


If B = B,,, the velocity and the gas flow rate for a gas 
flow can be found by the formulas 


2 
C= V a Kp» » (2.47) 
htt 
m= Ve (_2)r tm \- R-1 py , (2.48) 
(<3) Uo 


Throttling is an irreversible process of pressure drop in 
a flow, observed during the passage through a local narrow- 
ing of a channel. The following equality is valid for an adia- 
batic throttling of a gas or steam: 


it-fan+4, (2.49) 


If c, * c,, which can be ensured practically in all cases, 
we obtain the basic relation of throttling: 


i, = i,. 


An ideal gas is throttled at a constant temperature. In 
the throttling of a real gas with an initial temperature 7, 
equal to the inversion temperature 7,,, the process will 
also be isothermal. If 7, << T1, the throttling of the real 
gas occurs with decreasing temperature, and if 7, > 74, 
with increasing temperature. The value of 7, is determined 
by the gas origin and its pressure. 

An increase in entropy during adiabatic throttling of an 
ideal gas is given by 


As = R In —- a reat (2.50) 
where p is the initial pressure and Ap is the pressure drop 
in throttling. 

The loss in the working capacity of a working fluid in 
throttling is determined from the following relation 


1=T,As= RT, In - a 


where 7, is the minimum temperature in a system of bodies 
under consideration (for example, the temperature of the 
surroundings), K 
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2.8.2. Problems 


2.114. Find the critical pressure ratios for helium, hydro- 
gen and carbon dioxide and the values of the critical (sonic) 
velocities of flow of these gases for the temperature in front 
of the nozzle equal to 15 °C. 


Answer: 
Bop Cor» m/s 
Helium ........ 0.488 4000 
Hydrogen ....... 0.528 1290 
Carbon dioxide. .... 0.546 264 


2.115. Find the theoretical values of the velocity and 
flow rate of air flowing out of an air pipe-line through a 
6-mm hole to the atmosphere. The excess pressure in the air 
pipe-line is 20 kPa and the temperature is 20 °C. The baro- 
metric pressure is 758 mmHg. 

Solution. The absolute air pressure in the air pipe-line is 


Po= Pt Pm= (Zep + 0.2) 105 = 1.24 x 108 Pa. 


The pressure ratio in the outflow is 


758 
p= 750 X1.21 0.835. 


Since B > Bor, we have a subcritical regime of flow. 
The theoretical velocity of outflow is given by 


Oh a ae 
c= V 2b Rr (1—B h) 


1.4-1 
0.835 1:4 )=172 m/s, 


The hole area is 


fab 2X” @ 08.3 mm? = 28,3 x 10° m?, 


The specific volume of air in the duct is 


RT) __ 287X293 ; 
UGS pt = 1.94 x 108 sc 108 = 9-695 m /keg. 


The air flow rate is calculated as follows: 


m=fy Vere a7) Vp Pe (gk pr) 
<r) 


= P Vo 1.24 108 a 2 ory 
28.3 x 10- Ee as 1.24 x 108( 9 835° * — 0.835 
=7-10° kg/s. 


2.116. Calculate the pressure and temperature of air in 
a tank, if the velocity of air outflow from the tank to the 
atmosphere is 303 m/s, which is equal to the critical value. 
The ai pressure py = 0.101 MPa. Assume that 
k=1 

Answer: p, = 0.191 MPa and ¢t, = 1 °C. 

2.117. Superheated steam having the absolute pressure 
Po = 0.45 MPa and temperature f, = 320 °C adiabatically 
expands in a Laval nozzle to the pressure of 0.1 MPa. Find 
the areas of the minimal and nozzle exit sections if the 
steam flow rate is 4 kg/s. 

Solution. The area f, of the nozzle exit section can be 
found from the relation 


f oa. mv, ay mv, 
Pe EBV ty 


where m is the mass flow rate of steam, kg/s, and c, and v, 
are the velocity, m/s, and the specific volume, m*/kg, of 
steam at the nozzle exit. 

The minimum nozzle section area is determined from 
the parameters of the critical flow: 


j = mUer = Mvecr 
ma Cor = 44.8 Vig—i 

For superheated steam, B,,; = 0.546. Consequently, the 
steam pressure in the minimum nozzle section is 


Ber = Poicr = 0.45 X 0.546 = 0.246 MPa. 


Using the i-s diagram for the adiabatic expansion 
steam, from the initial parameters p, and t,, we find i, 
3108 kJ/kg, ig, = 2950 kJ/kg, i, = 2758 kJ/kg, ve, 
0.95 m3/kg, v, = 1.9 m53/kg. 


his 


This gives 


_ AXA , 
l=Gayau=e ee 
fer 4x0. __ _0,00675 m?. 


~~ 44.8 V 3108 — 2950 


2.118. The parameters of saturated steam in a steam 
boiler are p, = 1.6 mPa and z, = 0.98. Find the diameter 
of orifice through which the steam may flow out of the boiler 
to the atmosphere at the mass flow rate of 10 t/hr. Assume 
that the orifice is a nozzle in which the critical outflow is 
observed. The critical pressure ratio for wet steam is equal 
to 0.577. 

Answer: d = 39.6 mm. 

2.119. Find the air pressure at which the outflow velocity 
of 400 m/s can be obtained, if the temperature of compressed 
air is 20°C and the pressure in surrounding medium is 
0.4 MPa. 

Answer: p = 0.304 MPa. 

2.120. What should be the final pressure of throttling 
of steam with the initial parameters 10 MPa and 500 °C in 
order to increase the specific volume of steam 1.5 times? 
Find the final temperature of throttling and the loss of 
working capacity for one kilogram of steam, assuming that 
the minimum temperature in the system under consideration 
is 303 K. 

Solution. Using the i-s diagram for the initial state of 
steam, we find i, = 3372 kJ/kg, v, = 0.0328 m3/kg and 
s, = 6.596 kJ/(kg-K). Since i, = i, for throttling, we use 
the intersection of the isoenthalpy i, with the isochore 
Vv, = 1.5v, = 0.0492 m3/kg, where we find the parameters 
of the final state: p, = 7.0 MPa, ¢, = 485°C, and s, = 
6.77 kJ/(kg-K). 

The temperature of steam decreases as a result of throttling 
by At = 500 — 485 —15°C. The entropy increases by 


As = s, — 8s, = 6.77 — 6.596 = 0.174 kJ/(kg-K). 


The loss of the working capacity of one kilogram of steam 
as a result of throttling is 


Al = T, As = 308 X 0.174 = 52.7 kJ/kg. 


2.121. The pressure of wet steam decreases as a result 
of throttling from 1.0 MPa to 0.142 MPa. The steam becomes 
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superheated with the temperature of 120 °C. Find the initial 
dryness factor of the steam. 

Answer: x = 0.97. 

2.122. Find the pressure of throttling a wet steam (with 
the pressure 0.5 MPa and the dryness factor 0.97) in order 
to make it dry saturated steam‘ 

Answer: 0.05 MPa. 

2.123. As air flows through a pipe-line from a tank to 
a pneumatic instrument, its pressure drops as a result of 
throttling from p, = 0.8 MPa to p, = 0.75 MPa. Find 
the loss of working capacity of one kilogram of air, if the 
temperature of the surroundings is 15 °C. 

Answer: Al = 5.3 kJ/kg. 


2.9. Cycles of Steam Power Plants 


2.9.1. Definitions 
The thermal efficiency 7, of the cycle of a steam power plant 
(Figs. 2.1 and 2.2) is given by 
(iy — ig) — (ig — #3) tat; iy — lg (2.52) 


’ 


"(a ) —(B—) ~~ 


where i, and i, are the enthalpies of steam before and after 


Fig. 2.4 Fig. 2.2 


adiabatic expansion, and i; and i; are the enthalpies of the 
condensate before and after compression. 

The specific flow rate d of steam in the cycle of a steam 
power plant, kg/(kW-hr), is 
a= 3600 


iy —ig 


(2.53) 
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For the reheat cycle of a steam power plant, whose 7-s 
diagram is shown in Fig. 2.3, the thermal efficiency is given 
by 

__ (t3— im) + (in — in) — (18 — 62) (tp — im) + (in — ie) 
Te 1) + in— tm) — BE) ~ (8) Ft) * (9) 

The useful work /, of one kilogram of steam in a regenera- 
tive three-point extraction cycle (Fig. 2.4) is 
Il, = (i, — tg) — & (i, — ty) — &2 (i — Fg) 


— a3 (int — ig), (2.55) 


where @, @,, and a, are the fractions of steam extracted 
for regeneration. 


Fig. 2.3 Fig. 2.4 


The values of enthalpies are determined from the i-s 
diagram for given parameters of the cycle as is shown in 


Fig. 2.5. 
The heat supplied to the cycle (without taking into account 
the work of the pump delivering condensate to the boiler) is 


. ot 
dr = yy — UY, 


where i; is the enthalpy of condensate fed to the boiler. 
The thermal efficiency Nt, of a regenerative cycle (with 
three points of extraction) is given by 


— tr (i; — ig) — 1 (11 — in) — Oe (it — ig) — Os (itt — te) 
Nt, Goo ee ee : 
(2.56) 
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If regenerative cycle is in accord with the diagram shown 
in Fig. 2.6, the fractions of the extracted steam are deter- 
mined by the following relations: 


itty ify iy itrr—tb 

I~ 411 Ir "111 III 

a= 7 Ag = at, C3 => ’ (2.57) 
it—iy iti—iyy imi—tyyy 


Fig. 2.5 Fig. 2.6 


where i, is the enthalpy of condensate before it enters the 
feed heating system, kJ/kg: 


by = by + Oy (i, — iQ) + Oe (ttn — bg) + Oy (tir — tg). (2.58) 


Here i; is the enthalpy of the condensate leaving the con- 
denser. 

It should be taken into account that the fraction of steam 
delivered to the condenser in a regenerative cycle is given by 


a, = 1 — (a, + a, + a). (2.59) 


2.9.2. Problems 


2.124. The initial parameters of steam in a steam power 
plant including the turbine P-25-90/18 are 8.82 MPa and 
535 °C. The pressure at the end of expansion is 1.76MPa. 
Find the thermal efficiency and the work of one kilogram 
of steam. 
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Solution. If we disregard the work of the pump feeding 
the condensate to the boiler, the thermal efficiency of the 
steam power plant is defined by the formula 


_ iris 
"= ip — 13° 
Using the i-s diagram, from the initial parameters of steam 
we obtain 
i, = 3480 kJ/kg, i, = 3000 kJ/kg, i; = 860 kJ/kg, 


3480 — 3000 
"t= —azg0—3e0 0.183. 


The useful work of one kilogram of steam in a cycle is 


1 = i, — i, = 3480 — 3000 = 480 kJ/kg. 


2.125. The initial parameters of steam in the cycle of 
a steam power plant are p, = 9.0 MPa and ¢, = 530 °C. 
The pressure at the end of the cycle is p, = 3.5 kPa. Find 
the thermal efficiency of the cycle. What will be the thermal 
efficiency of the cycle if the expansion in the turbines occurs 
to the final pressure p, = 0.2 MPa? 

Answer: 1; = 0.433 and nr. = 0.31. 

2.126. Find the increase in the thermal efficiency of 
a steam power plant due to a change in steam parameters 
from 3.5 MPa and 435 °C to 13.0 MPa and 565 °C. Assume 
that pressure p, in the condenser is constant and equal to 
4.0 MPa. 

Answer: 14, = 0.376 and 2 = 0.446. 

2.127. Compare the thermal efficiencies yt and nj of 
a locomotive and stationary steam power plants with the 
same initial parameters of steam, p, = 1.6 MPa and t, = 
380 °C, if the pressure at the end of compression in the 
locomotive steam engine is 0.115 MPa, while in the sta- 
tionary engine it is 0.01 MPa. 

Answer: yj = 0.212, nf = 0.3414. 

2.128. Find the change in the thermal efficiency and in 
the useful work of one kilogram of steam in the cycle of 
a steam power plant due to reheating. The initial parameters 
of steam in the cycle are p, = 3.5 MPa and t, = 450 °C, 
the final pressure p, = 4.0 kPa. The reheating occurs at 
a pressure of 0.5 MPa to the temperature of 430 °C. The work 
of the pump should be disregarded. 
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Solution. Using the i-s diagram for a cycle without reheat- 
ing, we find 


i, = 3340 kJ/kg; i, = 2410 kJ/kg; if = 121.4 kJ/kg. 
This gives 
l= i, — i, = 3340 — 2410 = 1230 kJ/kg, 


_ iyoig 3340-2110 
Ne= Gg 7 amo tar 4 — 0-888. 


For the reheat cycle (Fig. 2.3), we obtain from the i-s 
diagram 


i, = 3340 kJ/kg, i = 2830 kJ/kg, 
i, = 3340 kJ/kg, i, = 2375 kJ/kg, 
ig = 124.4 kJ/kg. 


l= (4 — im) + (in — 2) 
= (3340 — 2830) + (3340 — 2375) = 1475 kJ/kg. 


erat. 1475 
N= Go Pig) ~ GHOST) + HO DED) = 9-395. 


2.129. The initial parameters in the reheat cycle are 
p, = 10 MPa and t, = 500 °C. The pressure in the condenser 
DP, = 3.0 kPa. The reheating occurs at the pressure of 
1.0 MPa up to the initial temperature. Find the thermal 
efficiency and the useful work of the cycle. 

Answer: y, = 0.446 and 1 = 1770 kJ/kg. 

2.130. Compare the thermal efficiencies of the cycles of 
a steam power plant with two regenerative heaters and with- 
out regeneration, if the initial parameters of the cycle are 
P,; = 3.5 MPa and ¢, = 485°C, while the final pressure 
P2 = 3.5 kPa. The pressures of extraction stages are py = 
1.0 MPa and p,, = 0.12 MPa. 

Solution. Using the i-s diagram for the cycle without 
regeneration, we obtain i, = 3310 kJ/kg, i, = 2080 kJ/kg 
and i, = 112 kJ/kg. 

The thermal efficiency of the cycle without regeneration is 


iy —ig__ 3340-2080 
t= 3310— 112 
For a cycle with two regenerative heaters, we have 


(iy — tg) — Oy (i, — ig) — Hg (i21 — ie) 
y—iy ‘ 


Then 


= 0.385. 


1t.= 
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Using the given values of pressure at extraction points, 
Fig. 2.5 and the i-s diagram, we find i; andi ;, and then with 
the help of the tables for saturated steam, we obtain ij 
and ijr: 

iy = 2960 kJ/kg, it = 762.7 kJ/kg, 
ity = 2550 kJ/kg, it; = 439 kJ/kg. 


Now we calculate the fractions of steam extracted for 
regeneration: 


Hr __762.7=439 __ 9 447 
= 0.147, 


= i 2960— 762.7 


igy— ty ify Ha) — 4 (45 — 3) — ora (8 — 


Oh = - = 
2 in iy i1— ity 
(439 — 112) — 0.447 (762.7—112) —ay (439 —112) 
= 2550 — 439 . 


This gives a, = 0.095. 

The thermal efficiency of a cycle with two regenerative 
heaters is 

__ (8340 —2080) —0.147 (2960 — 2080) —-0.095 (2550-2080) _ 
Nt, = 3310 — 762.7 nage: 


2.131. Using the data of Problem 2.130, compare the 
useful work /, of the regenerative cycle and the work ly.,. 
of the cycle without regeneration. 

Answer: 1, = 1056 kJ/kg, ly.,, = 1230 kJ/kg, Al = 
174 kJ/kg. 

2.132. Find the increase in the thermal efficiency of the 
cycle of a steam power plant with the parameters p, = 
3.0 MPa, ¢, = 400 °C and p, = 5.0 kPa as a result of using 
a regenerative heater. The steam is extracted for regeneration 
at p, = 0.5 MPa. 

Answer: 7, = 0.383, ny = 0.363. 


2.10. Internal Combustion Engines 
and Gas Turbine Cycles 


2.10.1. Definitions 


The thermal efficiency of an internal combustion engine 
(Fig. 2.7) is given by 
Apk—1 


1 
"= 1—Ser WoT =D * (2.60) 


Here ¢ = v,/v, is the compression ratio, v, and vs are the 
volumes at the beginning and at the end of compression, 
i = p,/pz, is the pressure ratio 
in the isochoric heat supply, 
op = v,/v, is the preliminary 
expansion ratio, and k is the . 
adiabatic exponent. 
For p = 1, we have only an 
isochoric heat supply: 
mtp=t—ger- (2.64) 
For A = 1, heat is supplied 
only at constant pressure: 
sf eee 
tp =1— Ger E@—D: Fig. 2.7 
(2.62) 
The thermal efficiency of the cycle of a gas turbine plant 
(GTP) with adiabatic compression and isobaric heat supply 
(Fig. 2.8) is given by 


4 T, 
nar =! wae Pe: 
pe 


mn=1— (2.63) 


where f = p,/p, is the pressure ratio for the compressor. 


P T 
Y 


q2 y 


Fig. 2.8 Fig. 2.9 


In the case of the maximum regeneration in the cycle 
(Fig. 2.9), we have 


m,=1—=1—7 (2.64) 


q* 99 


where p == 7,/7, = 7,/7, is the temperature ratio for heat 
supply process. 
The heat g, transferred in the regenerator is given by 


qr = Cp (Ty, — T,), (2.65) 
where o is the degree of regeneration (o < 1), 
gate tee tee (2.66) 


ff, Wg 7s 


2.10.2. Problems 


2.133. The cycle of an internal combustion engine with 
isochoric heat supply is performed with the compression 
ratio equal to 8. Find heat g, supplied to the cycle and the 
useful work /, if the removed heat qg, is 490 kJ/kg and the 
working fluid is air. 

Solution. The thermal efficiency of a cycle with isochoric 
heat supply is given by 

4 1 
m=1—Ger=1- Gua 

Since 

ee ee 
a n’ 
we have 


eanee | aererres ee 
Tay ioe eee he. 


The useful work is given by 


2.134. The initial parameters (at the beginning of com- 
pression) of the cycle of an internal combustion engine with 
isobaric heat supply are 0.4 MPa and 80°C. The compres- 
sion ratio e = 16 and the supplied heat g, = 850 kJ/kg. 
Calculate the parameters at the characteristic points of 
the cycle, the useful work and the thermal efficiency, if 
the working fluid is air. 

Answer: Py = Pz = 4.85 MPa, py, = 0.227 MPa, T, = 
1070 K, 7, =1920K, 7, = 797K, = 529 kJ/kg, 
nN = 0.623. 

2.135. The pressure ratio \ = 1.5 in the process of iso- 
choric heat supply for the cycle of an internal combustion 
engine with a mixed supply of heat q, = 1034 kJ/kg and 
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the compression ratio ¢ = 13. Find the thermal efficiency 
and temperature at the characteristic points of the cycle if 
the initial parameters are 0.09 MPa and 70 °C and the work- 
ing substance is air. 

Answer: yn, = 0.621, T, = 957 K, T, = 1435 K, 7, = 
2125 K, T, = 890 K. 

2.136. The parameters of the initial state of one kilogram 
of air in the cycle of an internal combustion engine are 
0.095 MPa and 65 °C. The compression ratio is 11. Compare 
the values of the thermal efficiency for isobaric and iso- 
choric heat supply in amounts of 800 kJ, assuming that 
k = 1.4, 

Solution. The thermal efficiency of a cycle with isochoric 
heat supply does not depend on the amount of supplied 
heat and is determined only by the compression ratio and 
the properties of the working fluid (k): 


1 1 
nt, =1 — Ga =i ~ het = 0.617. 


The efficiency of cycle with isobaric heat supply is 
1 ph-1 
"= 1 Ger Re=H 
where p = v,/v, = T;/T, is the temperature ratio in the 
process of heat supply, 
T= Tie = 338 x 104+ = 882 K, 


= q _ 800 ag 
Py=?,+— = 882+ Toa 1672, 
_ 1s _ 1672 _4 9 


~"F, 882 
I ee ee tO 
Mey =" teat * Ta9—h 


Consequently, for the same compression ratio, the cycle 
with isochoric heat supply has a higher efficiency than the 
cycle with the isobaric heat supply. 

2.137. Find the thermal efficiency of the cycle of an inter- 
nal combustion engine with a mixed heat supply, if the 
minimum temperature of the cycle is 85 °C and the maximum 
temperature is 1700 K. The compression ratio is 15 and the 
pressure ratio in the process of heat supply is 1.3, The 
working fluid is air. 

Answer: n, = 0.65, 
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2.138. The pressure ratio during the compression in 
the cycle of an internal combustion engine with isochoric 
heat supply is equal to 18. Find the compression ratio, 
supplied and removed heat, work and efficiency, if during 
heat removal the temperature drops from 600 to 100 °C and 
the working fluid is air. 

Answer: ¢ = 7.87, ny = 0.557, g, = 810 kJ/kg, q, = 
357 kJ/kg, and 1 = 453 kJ/kg. 

2.139. Find the characteristic parameters and thermal 
efficiency of the cycle of a GTP with heat supply at constant 
pressure if the initial parameters p, and ¢, are respectively 
0.095 MPa and 20 °C and the maximum temperature in the 
cycle is 900°C. The pressure ratio for compression is 10. 
The working fluid is a diatomic gas (k = 1.4). 

Answer: Py = p3 = 0.95 MPa, T, = 565 K, 7, = 607 K, 
and y = 0.482. 

2.140. The amount of heat removed in a GTP cycle at 
p = const is equal to g, = 600 kJ/kg. Find the thermal 
efficiency of the cycle and the pressure ratio in the compressor 
if the working fluid has the properties of air. 

Answer: 1, = 0.375, B = 5.16. 

2.141. Find the thermal efficiency, supplied and removed 
heat of a GTP cycle with heat supply at constant pressure 
if the temperature at the beginning of compression is ¢, = 
15 °C. The temperature t, at the end of adiabatic expansion 
is 440 °C. The maximum ratio 7,/7, of temperatures in the 
cycle is equal to 4 and the working fluid is air. 

Answer: n, = 0.38, g, = 694 kJ/kg, q. = 430 kJ/kg. 

2.142. The initial parameters of air in a GTP cycle with 
isochoric heat supply are 0.09 MPa and 20 °C. The pressure 
ratio for the compressor is equal to 5. The maximum tem- 
perature in the cycle is 1000 °C. Find the pressure and tem- 
perature at the characteristic points of the cycle, supplied 
and removed heat and the thermal efficiency of the cycle. 
What is the efficiency if isochoric heat supply is replaced by 
isobaric one? 

Solution. The pressure and temperature at the end of the 
adiabatic compression are 


P2 = Pip = 0.09 x 5 = 0.45 MPa, 


k-1 1.4-4 


T,=T,B * =293x5 1) =464 K, 
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By the conditions of the problem, the maximum tempera- 
ture in the cycle is 


T; = 1000 + 273 = 1273 K. 


The pressure at the end of isochoric heat supply is 
P3= Pat = 0.45 x oe = 1.235 MPa. 
2 
The temperature at the end of adiabatic expansion is 
h-1 14-4 


ran(B)? at (2a) 


The supplied heat is calculated as follows: 

q = cy (1, — T,) = 0.722 (1273 — 464) = 584 kJ/kg. 

The removed heat is 

G2 = Cp (T, — Ty) = 1.013 (603 — 293) = 314 kJ/kg. 

The thermal efficiency of the cycle is 

91— 42 584 
5 


—314 
Ny= Sie ee = 0.46. 


The efficiency for the isobaric heat supply is calculated 
by the formula 


= 603 K. 


ny, = t— ey = 1 - = 0.87. 
BR 5 k 
2.143. Using the conditions of Problem 2.140, find the 
thermal efficiency in the case of complete regeneration and 
the amount of heat transferred during the regeneration. 
Answer: 1, = 0.52, q, = 43.5 kJ/kg. 


2.11. Cycles of Refrigerating Machines 
2.11.1. Definitions 


The coefficient of performance of an ideal refrigerating 
machine based on a reverse Carnot cycle is given by 


gs (2.67) 


= Tmax —T min 


where 7Tmin and Tmax are the minimum and maximum tem- 
peratures of the cycle. 
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The coefficient of performance of an air refrigerating 
machine (Fig. 2.10) is 

bf ee 

ae any ety 


(2.68) 


where 7, and 7, are the temperatures at the beginning and 
end of adiabatic compression, and 7, and 7, are the tem- 


P 
% 


Yo y 


Fig. 2.10 Fig. 2.14 


peratures at the beginning and end of adiabatic expansion 
in the expander. 

The work of compression in the compressor of an air re- 
frigerating machine is given by 


lL, = ep (T, —T,) = i, — i,. (2.69) 
The work of expansion in the expander is 

lex = cy (T; — T,) = is — iy. (2.70) 
The refrigerating capacity is defined as 

92 = Cp (T, — T,) = t, — i, (2.71) 
The heat removed from the cycle is 

h = ep (T, — Ts) = ty — is. (2.72) 


The coefficient of performance of steam compression 
refrigerating machine (Fig. 2.11) is defined as 


ers LE (2.73) 


ig—ty 
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where i, and i, are the enthalpies of the cooling agent at 
the beginning and end of compression in the compressor 
and i, is the enthalpy of the liquid cooling agent after con- 
densation. 


2.11.2. Problems 


2.144. The ideal cycle of a refrigerating machine (the 
reverse Carnot cycle) is completed in the temperature in- 
terval from —20 to +30°C. Find the coefficient of perfor- 
mance for the refrigerating machine and heat transferred to 
the surroundings if 1000 kJ of heat are supplied to the cycle. 

Answer: ¢ = 5.06, g, = 1197. 

2.145. The initial parameters p, and t, in the cycle of an 
air refrigerating machine before compression are 0.1 MPa 
and —10 °C. The parameters p, and t, before expansion are 
0.5 MPa and 15°C. Find the coefficient of performance for 
the refrigerating machine, refrigerating capacity q,, heat 
q, removed from the working fluid (cooling agent) and work 
spent for completing the cycle with one kilogram of air. 

Solution. The temperature at the end of compression is 


k-1 1.4-1 


F _ 963 ee: 


nan (B) 


The temperature at the end of adiabatic expansion in the 
expander is given by 


= 416 K = 143 °C. 


k-1 1.4-1 


T,=T, (2) * =288 (24) 182K = —91 °C. 
The heat supplied to the working fluid is 

da = Cy (T; — T,) = 1.013 (263 — 182) = 82 kJ/kg. 
The heat released to the surroundings is 

= Cp (T, — Ts) = 1.013 (416 — 288) = 129.6 kJ/kg. 
The work required for completing the cycle is 


L = gq, — q_ = 129.5 — 82 = 47.6 kJ/kg. 


The coefficient of performance for the refrigerating ma- 
chine is 
q2 82 


oq. ang < 
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2.146. In the compressor of an air refrigerating machine. 
air is adiabatically compressed from p, = 0.098 MPa and 
t, = 18°C to the pressure of 0.5 MPa. In the cooler, the 
temperature of air decreases to 10 °C. Find the temperature 
of air at the exit of the expander, refrigerating capacity 
per kilogram of the working fluid and the coefficient of per- 
formance of the refrigerating machine. 

Answer: ¢ = 1.7, qg = 78 kJ/kg and T, = 178 K. 

2.147. In the cycle of an ammonia compression refriger- 
ating machine, the compressor sucks dry saturated vapour 
from the evaporator at the temperature t, = —15 °C and 
compresses it adiabatically to t, = 80 °C. Find the coefficient 
of performance of the machine and the work of compression 
for the compressor per kilogram of the colling agent. 

Solution. Using the table of thermodynamic parameters 
for ammonia, we find that on the saturation line the entropy 
of dry saturated vapour i, = 1662.6 kJ/kg for ¢, = —15 °C. 

With the help of the 7-s diagram for ammonia, we find 
the state of ammonia vapour at the end of adiabatic compres- 
sion, when ¢, = 80°C: 


Po = 0.857 MPa, i, = 1840 kJ/kg. 


The enthalpy of ammonia condensate under the pressure 
P2 = PDP; = 0.857 MPa corresponding to condensation is 


ig = 512.5 kJ/kg. 
The work of compression in the compressor is given by 
L = i, — i, = 1840.6 — 1662.6 = 178 kJ/kg. 
The refrigerating capacity of the refrigerating machine is 
qo = i, — is = 1662.6 — 512.5 = 1150.1 kJ/kg. 
The coefficient of its performance is 


1 ~~ 178 
2.448. The compressor of an ammonia refrigerator sucks 
in wet ammonia vapour at t,; = —20 °C. The dryness factor 


of this vapour x = 0.9. The vapour is compressed adiabati- 
cally to t, = 90 °C. Calculate the refrigerating capacity, the 
heat removed in the condenser and the work done in the com- 
pressor per kilogram of the cooling agent as well as the 
coefficient of performance of the refrigerator. 

Answer: q, = 873.6 kJ/kg, 9, = 1159.6 kJ/kg, 1 = 
286 kJ/kg, and e = 3,05, 
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2.12. Moist Air 


2.12.1. Definitions 


According to Dalton’s law, the pressure p of moist air is 
equal to the sum of the partial pressures p,,, of dry air and 
Py of the vapour contained in the volume of moist air. 

The density of vapour in the volume of moist air, p,, 
kg/m’, is called the absolute humidity of air. Each state of 
moist air corresponds to a quite definite maximum possible 
value of vapour density Oy, max» If the temperature ¢ of 
moist air is less than or equal to the temperature ¢, of satu- 
rated water vapour under the pressure p of the mixture, the 
value of Py,max is determined for the temperature ¢ with 
the help of tables for saturated water vapour. If the tem- 
perature of the mixture is higher than ¢,, then the value of 
Oy,max is determined for the values of ¢ and p from tables 
for superheated steam. 

The quantity o = 0,/Py,max is called the relative humid- 
ity of air. The value of @ is approximately determined by the 
ratio of the partial pressure p, of water vapour in the moist 
air to the maximum possible value py, max corresponding 
to the complete saturation of air without changing its tem- 
perature. 

The value of py,max for t< ¢, (corresponding to pres- 
sure p) is determined from tables for saturated water vapour. 
If the temperature of air ¢ > t,, then the value of py, max iS 
assumed to be equal to the pressure of moist air. When 
moist air is heated to a temperature higher than the satura- 
tion temperature of water vapour under the pressure of the 
mixture, the relative humidity of air remains unchanged. 

The temperature at which unsaturated moist air becomes 
saturated as a result of cooling (p = 100%) is called the 
dew point. 

The ratio of the mass m, of vapour contained in moist 
air to the mass m,,, of dry air is called the moisture content 
and is expressed in grams of moisture per kilogram of dry air. 

The value of d can be found from the approximate relation 


eae ace (2.74) 


The enthalpy of moist air is given by 
i = igy, + diy x 10°, (2.75) 
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where i,,, and i, are the enthalpies of one kilogram of dry 
air and water vapour respectively. 
The formula for calculating the enthalpy of moist air 
has the form 
i= t+ d (2500 + 1.93t) x 10-3. (2.76) 


In engineering the processes involving moist air are usu- 
ally calculated with the help of the i-d diagram for moist 


Fig. 2.42 


air, which is constructed for a certain value of pressure, e.g. 
Py = 745 mmHg (Fig. 2.12). 

In an i-d diagram, the angle between the i- and d-axes of 
coordinates is equal to 135°. The i-d diagram contains iso- 
therms ¢ = const (according to the readings of a dry-bulb 
thermometer), isoenthalpies i = const, the lines of constant 
relative humidity g = const, and the lines of constant values 
of the temperature indicated by a wet-bulb thermometer, 
ty = const. The values of ¢ and ty coincide on the line 
p = 100%. The line p, =f (d), i.e. the line of partial 
vapour pressures, is plotted below the line g = 100%. 
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Figure 2.12 depicts the main processes which can be de- 
termined with the help of the i-d diagram. If the dry-bulb 
thermometer indicates the temperature t,4 and the wet-bulb 
thermometer shows ty, the state of air will correspond 
to the point A on the i-d diagram. 

The dew point is obtained by cooling air at d = const. 
This state of air is characterized by the point B. The cooling 
of air below the dew point is represented by the line coin- 
ciding with @ = 100%. This process B-B’ is accompanied 
by a decrease in d since air loses moisture as a result of par- 
tial condensation of vapour. 

The heating of air from the state corresponding to the 
point A is depicted by the line AC. In this case, the amount 
of moisture in air remains unchanged. 

Line CD corresponds to saturation of air by moisture at 
i = const from the state described by the point C. If air 
is humidified by passing steam through it, a new state of 
air (ig, d,) is determined from the initial state (i,, d,) by 
using the heat or material balance equations for mixing 
process: 


ip = i, + dyi, 10-3, (2.77) 
dy = a, + ds, (2.78) 


where i, and d, are the enthalpy, kJ/kg, and the amount 
of steam supplied per kilogram of dry air. 

Figure 2.12 illustrates the determination of the partial 
pressure of vapour for the state A of moist air and py, max a 
for the same temperature of air. 

When two volumes of moist air with masses m, and m, 
are mixed, the state of the mixture corresponds to point K 
on the i-d diagram, lying on the straight line EF whose 
end points correspond to the states m, (Z) and m, (E) of the 
masses of the air. 


The position of the point K is determined from the follow- 
ing relations: 


EK =EF 2, 
a (2.79) 
KF = EF —™1_., 
m+m, 


If moist air is in contact with the free surface of water 
whose temperature is ty, mass- and heat transfer generally 
takes place between moist air and water. 
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If we draw the lines d = const and t,,, = const from 
the point E (Fig. 2.13) corresponding to the state of satu- 
rated air at the temperature ty, the i-d diagram is divided 
into three parts: 

I—the water evaporates and is cooled, and hence the air 
is saturated by moisture and is heated due to the surface 
of water; 

I]—the water evaporates 
and is heated, and hence the 
air is saturated and cooled; 

[I1]—-vapour from the air 
condenses on the surface of 
the water, and the air is 
cooled. 


2.12.2. Problems 


2.149. Find the relative 
and absolute humidity, mois- 
ture content and enthalpy 
of moist air if the partial 

Fig. 2.13 pressure of water vapour in 

it is 21 mmHg. The tem- 

perature and pressure of moist air are ¢ = 35°C and 
p = 745 mmHg. 

Solution. Using tables of saturated vapour, we find that 
for t = 35°C, py, max = 5.6 kPa = 42 mmHg, Py, max = 
0.0396 kg/m%. 

The relative humidity is 


Pv 21 _0.5=50 %. 


The absolute humidity is 
Py = Pv, max — 0.5 x 0.0396 = 0.0198 kg/m?. 


The moisture content can be found as follows: 


P = 24 _ _ 
d= 622 5 = 622 aay = 18 g/kg =0.018 kg/kg. 


The enthalpy is 
i = t+ d (2500 + 1.932) 
= 35 + 0.018 (2500 + 1.93 x 35) = 84.2 kJ/kg. 


2.450. The moisture content at t = 35°C is 14 g per 
kilogram of dry air. Find the partial pressure, enthalpy, 
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relative and absolute humidity of air if the pressure of moist 
air is 750 mmHg. 

Answer: pp = 16.5 mmHg, i = 75.6 kJ/kg, @ = 40%, 
Py = 0.0232 kg/m. 

2.151. Find the dew point tg of moist air having the tem- 
perature of 30°C and the relatiye humidity of 45%. 

Answer: tg = 17°C. 

2.152. Calculate the partial pressure p, of vapour in 
saturated moist air at 25 °C. To which temperature should 
this air be heated in order to reduce its relative humidity 
to 1/5 of its initial value? 

Answer: Dy = Py, max = 0.03166 kgf/cm’, ¢ = 55 °C. 

2.153. Using the i-d diagram, find the parameters of moist 
air if the readings of a dry-bulb and a wet-bulb thermometer 
are 30 °C and 18 °C respectively. 

Answer: » = 30%, d=8 g/kg, i= 12 kcal/kg = 
50.25 kJ/kg. 

2.154. Using the i-d diagram, find the temperature to 
which the atmospheric air at 20 °C at the relative humidity 
of 60% should be heated so that, being saturated to g= 
100%, the air could evaporate 15 kg of water. 

Answer: t = 62.5 °C. 

2.155. Determine the kind of heat- and mass transfer 
between moist air and water having a temperature of 20 °C, 
if the air parameters are ¢ = 30°C and go = 30%. 

Answer: water evaporates and gives off heat to the air. 

2.156. Two flows of moist air with mass flow rates m, = 
0.5 kg/s and m, = 0.166 kg/s are mixed. The parameters 
of the first and second flows are t, = 20°C, @, = 60% and 
t, = 80°C, og, = 10%. Find the temperature, moisture 
content and the relative humidity of the resulting air flow. 

Answer: t = 35°C, d = 14 g/kg, g = 40%. 


3. Fundamentals of Heat Transfer 


3.1. Heat Conduction 
3.1.1. Definitions 


The amount of heat passing through a plane homogeneous 
wall per unit time is 


Q=+ (t; — te) F. (3.4) 
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where A is the thermal conductivity of the wall material, 

W/(m-K), ¢, and ¢, are the temperatures of the wall surfaces, 

°C, F is the area of the wall, m’, and 6 is the thickness, m. 
For a multilayer wall, we have 


x 
t,—t 
="8 - = ieee —* (ty— tna) F; 

ee aca ga Pe 
feet A _ 6:+62+...+6) (3.2) 
eq by 5. 8&n n ; 

Te ig, OE a 


i 


o 


=1 


where Agq is the equivalent thermal conductivity of a multi- 
layer wall, nis the number of layers, 5,, 53, ..., 6, are the 
thicknesses of the layers, and A,, Ag, . .., A, are the thermal 
conductivities of individual layers. 

The surface temperature of the layers is given by 


4a gee (3.3) 


where | is the pipe length, m, d, and d, are the inner and 
outer diameters of the pipe, m. 

For a multilayer cylindrical wall, the linear heat flux 
density has the following form: 


2m (ty — tna) 
u=-{_a@,., 1,4; Tah (8-4) 
Rg Fae ae er go eg 
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The surface temperature of the layers of a multilayer 
cylindrical wall is given by 


Bho i a 
° 
ty t—E ns 
i (b met mg), 
n 
hai = t,— JL + In ao 
i=1 


3.1.2. Problems 


3.1. Calculate the thermal conductivity of a 380-mm 
brick furnace wall, if the temperature of the inner surface 
is 300 °C and that of the outer surface is 60 °C. Heat losses 
through the wall g = 190 W/m’. 

Answer: } = 0.38 W/(m-K). 

3.2. Acheat flux g = 25 000 W/m? passes from the furnace 
gas to boiling water through a 14-mm plane metal wall. 
The thermal conductivity of steel is 1. = 50 W/(m-K). 
Find the temperature drop across the boiler wall. 

Answer: At = 7 °C. 

3.3. Find the heat flux g through a concrete 300-mm wall 
if the temperatures of the inner and outer surfaces are 
t, = 15°C and t, = —15 °C respectively. The thermal! con- 
ductivity of concrete A, = 1.0 W/(m-K). 

Answer: q = 300 W/m?. 

3.4. Calculate the equivalent thermal conductivity of 
the steel wall of a steam boiler, if the wall is coated bya 
2-mm thick layer of scale with the thermal conductivity 
Xs = 1.85 W/(m-K). The thickness of the steel sheet 6 = 
16 mm and its thermal conductivity 4 = 50 W/(m-K). 
Compare the equivalent thermal conductivity with the 
thermal conductivity of steel. 

Answer: eq = 10 W/(m-K), i.e. it amounts to 1/5 of 4. 

3.5. A layer of ice on the surface of water is 250 mm 
thick. The temperatures on the lower and upper surfaces of 
the layer are t; = 0°C and t, = —15 °C respectively. Find 
the heat flux through one square metre of the ice surface, 


803914 1413 


if its thermal conductivity Ajce = 2.25 W/(m-K). What 
will be the heat flux if the ice is covered by a layer of snow 
155 mm thick, whose thermal conductivity A, = 0.465 
W/(m-K) and the temperature on the snow surface is ty,5 = 
—20 °C? 

Solution. The heat flux due to heat conduction through 
the ice layer is 


g=~ (tt) = 22 (04 15) = 135 Wim. 


The heat flux through the ice layer covered by snow is 


1 ty tp = 04-20 ‘ 
T="%3 ~ 4 ob = 0.25, 4 085 0.155 = 45 ~ W/m?. 
Mee | Me 2.25 0.465 


i.e. is equal to 4/3 of gq. 

3.6. The wall of a heating furnace is made of two layers 
of brick. The 350-mm inner layer is made of fire brick, 
while the 250-mm outer layer is made from red brick. Find 
the temperatures ¢, of the inner surface of the wall and ¢, 
of the inner surface of the red-brick layer, if the wall tem- 
perature on the outer surface ¢,; is 90°C and the heat loss 
through one square metre of the wall is 1 kW. The thermal 
conductivities of the fire brick and red brick are Asp = 
1.4 W/(m-K) and A;p = 0.58 W/(m-K). 

Answer: t, = 770°C, ty = 520 °C. 

3.7. Calculate the heat flux per square metre of the sur- 
face of a brick wall and the depth of its freezing (t < 0 °C). 
The thickness of the wall is 250 mm, and the temperatures 
of its inner and outer surfaces are t, = 20°C and ft, = 
—30°C. Assume that the thermal conductivity of the 
brick 4 = 0.55 W/(m-K). 

Answer: q = 110 W/m?, 6’ = 150 mm. 

3.8. Calculate the heat flux through the surface of one 
metre of a steam pipe-line with the inner diameter of 140 mm 
and the wall thickness 6, = 5 mm, insulated by two layers 
of heat insulator having thicknesses 6, = 20 mm and 
6, = 40 mm. The thermal conductivities of the pipe and 
the insulation are, respectively, 4; = 55 W/(m-K), A, = 
0.037 W/(m-K), and As = 0.14 W/(m-K). The tempera- 
ture on the inner surface of the pipe-line ¢, is 300 °C and 
on the outer surface of heat insulation, t, = 55 °C. 
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Solution. The heat losses from the surface of one metre of 
the pipe-line are 


ne 2m (¢; — ta) 
4 dy 1 ds 1 d, 
te ag aa, ge a 
= 2x 3.14 (300—55) 
= 33 150. 2.3, 190, 2.3.) 270 
ap X log aap + ps7 * 108 Gen + ae X 108 90 
=174 W/m. 


3.8a. What will be the change in the heat loss through 
the insulated wall of the pipe-line considered in Problem 3.8, 
if the insulating layers change places? 

Answer: gq; = 208 W/m, Aq = 19.5%. 

3.9. Find the temperature on the boundaries between 
the layers of a three-layer insulation of a pipe, if its inner 
diameter d = 245 mm, and the thicknesses of the layers 
are 6, = 80 mm, 6, = 50 mm and 6, = 30 mm. The thermal 
conductivities of insulating materials are 4, = 0.03, A, = 
0.06, and A, = 0.12 W/(m-K) _ respectively. The tem- 
perature on the surface of the pipe is 250 °C and that on 
the outer surface of insulation is 65 °C. 

Answer: t, = 118.5 °C, t, = 77.4 °C. 

3.10. Find the thickness of insulation if the admissible 
temperatures of its surfaces are ¢, = 350°C and t, = 50°C 
and the heat flux through the insulation should not exceed 
450 W/m*. The thermal conductivity of the insulation 
dX = 0.12 W/(m-K). Solve the problem for a plane wall and 
a pipe with the outer diameter of 102 mm. 

Answer: 6 = 80 mm for the plane wall, and 6 = 143 mm 
for the pipe. 


3.2. Heat Transfer by Convection 
3.2.1. Definitions 


The heat flux between a heat-transfer agent and a wall (con- 
vective heat transfer) is determined by the Newton law of 
cooling: 

Q =a (ty — ty) F, (3.5) 


where a is the heat-transfer coefficient, W/(m?-K), ty and 
t; are the temperatures of the wall and the heat-transfer 
agent (the fluid). 
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For natural (free) convection, i.e. when the heat-transfer 
agent flows only due to the difference in the densities of its 
hot and cold parts, we have 

Pr 0.25 
Nu= A (Gr,Pr,)™ ( a ee (3.6) 

Table 3.1 contains the values of A and m for different 

conditions of heat transfer. 


Table 3.1 
Type of surface A m GryPry 

Horizontal pipes: 

laminar flow 0.5 | 0.25 |103 < Gr¢Pr;y < 108 
Vertical pipes and plane vertical 
surfaces: 

laminar flow 0.76 | 0.25 |103 < Gr;Pry¢ < 10° 

turbulent flow 0.15 | 0.33 Gr;Pr; > 10° 


For forced convection, i.e. when the heat-transfer agent 
flows due to external forces, we have 


Nu=B Ref Pr; ( oa eee (3.7) 


For a laminar flow in pipes, the criterion equation is sup- 
plemented with the factor Gr}. 
Table 3.2 contains the values of coefficients B, mn and l. 


Table 3.2 
Type of motion of heat-transfer agent | B n U 

Turbulent flow past a horizontal plate 0.037 | 0.8 | 0.43 
Laminar flow past a horizontal plate 0.66 | 0.5 | 0.43 
Turbulent flow in a pipe 0.024 | 0.8 | 0.43 
Laminar flow in a pipe 0.15 | 0.33 | 0.43 
Cross-flow past a pipe (10 < Res < 10%) 0.5 0.5 | 0.38 
Cross-flow past a pipe (403 << Rey < 10°) 0.25 | 0.6 | 0.38 
Cross-flow past in-line tube banks 0.23 | 0.65 | 0.33 
Cross-flow of staggered tube banks 0.44 | 0.6 | 0.33 


The Nusselt number is 
al 


Nuy= 7 ’ 
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where a is the heat-transfer coefficient, / is the reference 
length (diameter for tubes, length for horizontal plates 
and height for vertical plates) and A; is the thermal conduc- 
tivity of the heat-transfer agent. 

The Reynolds number is defined as 


wl 
Re ’ 
where w is the linear velocity and vy is the kinematic vis- 
cosity. 
The Prandtl number is 
Pr= at ’ 


ar 
where a = A¢/(Psep,) is the thermal diffusivity of the heat- 
transfer agent. 
The Grashof number is given by 


ePAdl 
Gr= a ’ 
where g is the acceleration due to gravity, B is the coefficient 


of volumetric expansion for gases, 


4 
b= ig 273 ’ 


and At is the temperature drop, i.e. the temperature dif- 
ference between the agent and the heat-transfer surface. 


3.2.2. Problems 


3.11. The temperature of the surface of a vertical 3-m high 
wall is 10°C, the air temperature in the room is 20 °C. 
Calculate the air-to-wall heat-transfer coefficient. 

Solution. Heat transfer occurs due to free convection.;. 

We determine the values of the criteria Gry and Pry; 


_ gBAH® 9. 74X10X39 . 
Ory = y= 293 15.08 x 10-9 = 9-98 x 108, 


Pre = 0.701; Gr;yPry = 2.79 x 102. 


It follows from Table 3.1 that the air flow is turbulent. 
We now calculate the heat-transfer coefficient: 


Nuy = 0.15 (GrpPry)?-9 (Ft)? 
Iw 
= 0.15 (2.79 x 1010)0.38 x 4 = 423; 
n= Nurhe _ 423 0.00593 _ 3, 66 W/(m?-K). 
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3.12. Air whose average temperature tp = 20°C flows 
over a vertical noninsulated pipe-line having the diameter 
of 76 mm and the height of 4m. The temperature of the 
pipe-line surface t, = 60 °C. Calculate the heat lost per se- 
cond in the pipe-line. 

Answer: Q = 251 W. 

3.13. A room is heated by a horizontal pipe-line having 
the outer diameter of 25 mm and filled with condensing 
steam. The temperature of the outer surface of the pipe-line 
ty = 104 °C, while the temperature in the room ty = 22 °C. 
Find the required length of the pipe-line if the rated power 
of the heating system is 1.5 kW. 

Solution. The heat transfer due to free convection from 
the horizontal pipe is determined by the relation 


Nu =0.5 (GryPr,)2 (oo i ; 


If the Prandtl number varies insignificantly, the heat 
transfer for air can be calculated by the simpler formula 


Nu, = 0.47Gr3**, 


The Grashof number is determined by the temperature 
of the fluid away from the pipe wall: 


gBh3At ‘9.84 X 0.0258 x 82 
ia ve 295x (15.19 x 10-92 1.86 x 105; 


Gr}-> = (4.86 x 105)%-25 — 20.7; 
Nu, = 0.47 x 20.7 = 9.74: 


2.64 x 10-2 
a> 9.74 55 — = 10.17 W/(m?2-K). 


The required heat-transfer surface area is determined 
from the following equation: 


pa? 1600 
aAt 10.47 X82 


= 1.8 m?. 
The surface area of one-meter pipe is calculated as follows: 
f = 3.14 x 0.025 x 1 = 0.0785 m?. 


The required length of the heating pipe-line is 
‘ F 
b= = 0078 7 


3.14. Calculate the heat. loss to the surroundings due to 
convective heat transfer from a horizontal noninsulated 
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steam pipe-line of diameter 100 mm and length 25 m, if 
the temperature of the outer surface fy, = 115 °C and the air 
temperature is tp = 15 °C. What will be the heat loss in 
the pipe-line if the temperature in it is reduced toty, = 80 °C 
by replacing steam by water?, 

Answer: 5.92 and 3.85 kW. ; 

3.15. Find the heat-transfer coefficient from water to 
the inner wall of a 17-mm pipe, if the temperature of the 
oe ty = 30°C and the temperature of water in the pipe 

= 60°C. The velocity of water w = 0.5 m/s. 

" Solution. The criterion of flow conditions in pipes is the 

Reynolds number 


Since we have a turbulent flow, the heat transfer is cal- 
culated with the help of the formula 


Nu =0.0214 Re?®pro-43 ( prt ae ; 


The number Pry based on the fluid temperature ty = 60°C 
is 2.98, and Pr, based on the wall temperature t,, = 30 °C 
is 5.42 (see Appendix 8). Thus, 


Nu, = 0.021 x 17 800%* (2.98)0.49 (25 2 yee = 72.6. 


Since Nu = ad/Ay, for Ay = 65.9 X ae we have (see 

Appendix 8) 
72.6 x 0.659 
C= =D 2810 W/(m?-K). 

3.16. Air heated to ft = 100°C passes through a pipe- 
line of the inner diameter d = 70 mm. Calculate the value 
of the heat-transfer coefficient if the air velocity in the pipe- 
line w = 4.5 m/s. For t, = 100 °C, Mt = Onset W/(m-K) 
and ve = 23.13 x 10-§ m?/s, 

Answer: «& = 16.65 W/(m?-K). 

3.17. Water having the average temperature t, = 50 °C 
flows at a velocity w = 0.8 m/s through a pipe-line of the 
inner diameter d, = 50 mm. The wall temperature of the 
pipe t, = 65 °C. "Calculate the heat lost from the paniete 
of a one-metre-long pipe. Mi ’ 

1 Answer: 9:6 kW/m, i 2 eens 
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3.18. Find the heat-transfer coefficient for an air cross- 
flow past a tube of diameter 25 mm, if the air temperature 
t; = 20°C and the velocity w = 5 m/s. 

Answer: a = 50.8 W/(m?-K). 

3.19. A cross-flow of water having the velocity w = 
0.75 m/s passes over acoil made of 10-mm diameter pipes. 
The temperature of water t; = 80°C, the wall temperature 
of the pipe t, = 70°C. Find the heat-transfer coefficient. 

Answer: « = 8870 W/(m?-K). 


3.3. Boiling and Condensation Heat Transfer 
3.3.1. Definitions 


The heat-transfer coefficient for boiling of water can be 
determined from the formula 


a = 143.2A2-3%p0-5, (3.8) 


where At, is the temperature drop, i.e. the temperature 
difference between the liquid and the heating surface, °C, 
and p is the steam pressure, MPa. 

For boiling, the heat flux per unit area is 


q = aAt,. (3.9) 
For condensation, the heat transfer is determined by 
Nu = A (Ga,Pr,K,)”, (3.10) 


where Ga = gl8/v?, Pr, = v,/as, Ks = r/lem, (ts — tw)] and 
Nu = al/A, are dimensionless criteria. 

The reference length / for horizontal pipes is their dia- 
meter, while for vertical surfaces, their height.jThe reference 
temperature is the temperature ¢, of condensation. Constants 
A and n are given below: 


A n 
For horizontal pipes .... 0.72 0.25 
For vertical surfaces .... 0.42 0.28 


3.3.2. Problems 


3.20. Find the amount of dry saturated steam obtained 
from 1 m? of the heating surface of a steam boiler at the 
manometric pressure p,, = 0.9 MPa, if the temperature of 
the boiler wall is 5 °C above the boiling point. Assume that 
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the temperature of water delivered to the boiler is equal 
to the boiling point. 

Solution. The heat-transfer coefficient for boiling is 
defined by the formula 


ce = 143.2At,%-33p9-5, 


For the manometric pressure of 0.9 MPa, the absolute 
pressure is 4 MPa. According to the conditions of the prob- 
lem, the temperature drop At, = 5 °C. Consequently, 


a = 143.2-5%33 x 1.0°° = 6.1 kW/(m?-K). 


The amount of heat obtained from 1 m? of the heating 
surface is given by 


gq = aAt, = 6.1 x 5 = 30.5 kW/m?. 


The heat of evaporation under the pressure of 0.14 MPa 
amounts to 2015.3 kJ/kg. 

The steam generating capacity per hour from 1 m? of the 
heating surface is 


30.5 x 3600 
2015.3 


3.21. Calculate the area F of the heating surface of a boi- 
ler, required for obtaining 500 kg/hr of dry saturated steam 
under the absolute pressure 0.3 MPa, if the temperature 
of the heating surface is 114 °C. 

Answer: F = 4.73 m?. 

3.22. The heat flux per unit area of the heating surface 
of a boiler g = aAt, = 3.88 x 10° W/m? and the tempera- 
ture of the wall is 210 °C. Calculate the pressure of steam 
and the boiling point. 

Answer: p = 1.6 MPa, t, = 200 °C. 

3.23. Calculate the amount of heat transferred by con- 
densing steam under the pressure of 4 kPa toa horizontal 
pipe of diameter 22 mm and length 2 m if the temperature 
of the pipe surface is 20 °C. What would be the heat-trans- 
fer coefficient for the vertical pipe? 

Solution. For film condensation on the outer surface of 
the horizontal pipe the heat transfer is determined from 
the empirical formula 


Nu = 0.72 (GaPrK)®35, 


d= = 54.5 kg/m?, 
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For p = 4 kPa, the physical parameters of steam and 
condensate are as follows: 


Prandtl number. ........... 5.8 
Condensation point .......... 28.98 °C 

Heat of evaporation or condensation 2432.6 kJ/kg 
Kinematic viscosity. ......... 0.8 x 10-* m2?/s. 


Thermal conductivity of condensate . . 0.645 W/(m-K) 
Specific heat capacity of condensate . . 4.18 kJ/kg 
According to the conditions of the problem, the tempera- 
ture drop is 8.98 °C. 
For a horizontal pipe, we use Nusselt number Nd based 
on the diameter of piped: 


Nug = 0.72[-£ Prt 


cAt 
9.81 0.0223 _ 2432.6 70.25, 
Osx * 98 X Texas | =k 


Hence, the heat-transfer coefficient is 


= 0.72 


_ Nug 375 X0.615 _ 


The heat transferred to the horizontal tube by condensing 
steam is 
Q = aF At = 10 000m x 0.022 x 2 x 8.98 = 12 430 W. 
For a vertical tube, we use Nusselt number Nu, based 
on the height of pipe h: 


Nu, = 0.42 [GaPrK]°-?8 
9.81 x 0.0223 = 2432.6 -]0.28 
waxtone <8 X TaExeeR 


The heat-transfer coefficient for the vertical pipe is then 


= 0.42 = 19 200. 


Muss iNunt = 40 OO: — 5900 W/(m?-K). 

3.24. Find the required number of pipes with the outer 
diameter of 20 mm and length of 1.5 m in a horizontal con- 
denser, if 800 kg/hr of steam are condensed on the outer sur- 
face of the pipes under the atmospheric pressure and the wall 
temperature is 15 “C. 


Answer: the number of pipes is 8. 

3.25. Calculate the mass of Freon-12 which is condensed 
per hour on the outer surface of a horizontal tube of dia- 
meter 102 mm and length 1 m, if the Freon pressure is 
0.75 MPa and the temperature of the outer surface is 25 °C. 
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Assume the following physical properties of steam and 
condensate: Prandtl number for condensate is 3.66, the con- 
densation point is 30 °C, the condensation heat is 144.5 kJ/kg, 
the kinematic viscosity of the condensate film is 0.194 x 
10-° m?/s, the heat-transfer coefficient of condensate is 
0.0685 W/(m-K), and the specific heat of condensate is 
0.985 kJ/(kg-K). 

Answer: 45 kg/hr. 


3.4. Heat Transfer by Radiation 


3.4.1. Definitions 
The energy emitted by the surface of a body having a tem- 


perature 7 is 
E=c (45) =2(aor) > (3.44) 


where cy = 5.670 W/(m?-K‘) is the emissivity of the black 
body, « is the emissivity factor of the black body, and c is 
the emissivity of a grey body. 

The radiative heat transfer between two parallel surfaces 
is characterized by 


Q=ceerea{ (qar)'—(qor)]F 12) 


where freq = is the reduced emissivity of the 


1 
coe ere 
system of bodies, i “and &, are the emissivity factors of the 
heat-transfer surfaces, and 7,, T, are the absolute tempera- 
tures of the surfaces, K. 

The radiative heat transfer between the surfaces F, and 
F, when the surface F, envelops the surface F, can be cal- 
culated with the help of the formulas for plane surfaces, 
the difference being that the reduced emissivity is: 


Ered = 1 F, 1 ) . 


If F, is considerably smaller than F,, then ereq = &. 
The radiative heat exchange between an emitting gas and 
the shell is described by the following equation: 


g= ete ( ae ie ( <05 Pw )" ils (3.13) 
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where ey ~ 0.5 (1 + e,) is the effective emissivity factor 

of the shell and eg, is the emissivity factor of the gas. 
The emissivity factor of a gas is determined by nomo- 

grams (Figs. 3.1-3.3) on the basis of the partial pressure 


1.6 T5fal pressure 
P| P= 0102 MPa 


Fig. 3.3 


of the emitting gas and the mean path 1 of the light ray, 
calculated by the formula 


1=3.65, (3.44) 


where V is the volume of the emitting gas, m*, and F is the 
surface of the shell, m?. 


3.4.2. Problems 


3.26. Calculate the heat emitted by a noninsulated pipe- 
line 25 mm in diameter and one metre long, if the tempera- 
ture of its surface is 110°C and the temperature of the 
walls indoors ty = 16 °C. 

Solution. Since F, is much smaller than F,, Ereq = &. 
For the material of the pipe-line, «, = 0.78-0.82. Let us 
assume that‘e, = 0.8. Then for F, = nd = 3.14 x 0.025 = 
0.0785 m?, we have 


Q=ecoF,| (42>) *— ( Ts "i 


=0.8 x 5.67 x 0.0785 [ (5) - (Fr) =52 W/m2, 
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3.26a. Calculate the fraction of the radiant heat flux 
in the total heat transfer of a heating pipe-line having the 
surface temperature of 85°C, if the total heat flux is 
560 W/m?. The emissivity factor of the heating surface 
e = 0.85. Assume that the temperature of the walls indoors 
is 20 °C. 

Answer: 78%. 

3.27. A pipe-line of diameter 120 mm is laid in a channel 
with dimensions 400 x 400 mm?. Find the radiative heat 
loss from the pipe-line one metre long, if the temperature of 
the surface of its insulation is 127 °C, while the tempera- 
ture of the inner surface of the channel brickwork is 27 °C. 
Assume that the emissivity factors of the surfaces is the 
same and equal to 0.93. 

Solution. First we calculate the reduced emissivity factor 
of the system: 

4 4 
i ae ei — = 0.945. 
et Be (=--1) Qi03 Fee ( 0.93 =A) 


&) FP, 
The radiative heat loss from the pipe-line one metre long 
is then calculated as follows: 


Q=exeaeols | (42>) — (<a>) | 


= 0,915 x 5.67 x 0.377 (fe) ~ (sr) | = 343 W. 


3.28. Calculate the radiative heat flux Q, between two 
parallel brick surfaces having the temperatures of 200 and 
50 °C. The emissivity factors of the surfaces are 0.8 and 
0.9 respectively. What will be the heat flux Q, if we cover the 
hot surface by an aluminium sheet? Assume that the emis- 
sivity factor of aluminium is 0.06. 

Answer: Q, = 1640 W, Q, = 133 W, i.e. it is reduced by 
a factor of 12.3. 

3.29. Find the temperature of the wire of an electrical 
heater if its diameter and length are d= 0.5 mm and 
1 = 2.5 m. The emissivity factor of the wire surface « = 0.9, 
the temperature of the reflector is 15 °C. The power consumed 
by the heater is 0.4 kW. Convective heat transfer can be 
neglected. 

Solution. The area of the surface of the wire is 


F = ndl = x X 0.0005 x 2.5 = 0.00393 m?. 
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The temperature of the wire is 


r,=100)/ & — ( (2 Fa) = 1183 K =910 °C. 


3.30. Flue gas flows under the atmospheric pressure through 
a rectangular gas duct havi ing the dimensions 600 x 600 mm?. 
The flue gas contains 15% CO, and 5.5% H,O. The partial 
pressure of CQ, is 15 kPa and. that of H,O is 7.5 kPa. The 
average temperature of the gas in the duct is 600 °C, the 
emissivity factor of the su face is 0.95. What amount of 
heat is transferred by radiation from the gas to the walls 
per metre of the gas duct length at the atmospheric pres- 
sure in it? 

Solution. The mean path of the light ray per metre length 
of the gas duct is 


1=3.64 =3.6 2% —0.54 m 


Then pco,/ == 15 x 0.54 = 8.1 m-kPa, 
Puiol = 5.5 X 0.54 = 2.97 m-kPa. 
Using the nomograms in Figs. 3.1-3.3, we obtain 
Eco, = 0.105; eno = 0.065; B = 1.05. 
The emissivity factor of flue gas is 


Eg = CO, + Bex,o = 0.173. 
The emissivity factor of the surface is 
tw = 0.5 (1.4 ey) = 0.5 (0.95 4+ 1) = 0.975. 


The amount of heat transferred due to radiation is 


Qi=eweero| (a5) — (48x) ‘| 2 
=0.975x0. 173x5.67[ (S3")" (Fa) ] x 2.4=17130 W/m. 


3.31. Calculate the radiative heat flux per unit area q 
from a flue gas flowing in the tube of diameter 850 mm of 
a shell-type boiler if the emissivity factor of the tube wall 
is 0.91 and its temperature is 200 °C. The temperature of 
the gas is 1000 °C. The gas content: rco, = 14% and ry,o = 
4%. 


Answer: g = 7.28 kW/m. 
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3.32. The average temperature of fluc gas in the gas duct 
of a heating furnace is 900°C. The effective emissivity 
of the gas duct brickwork is 0.8. Find the temperature of 
the inner surface of the gas duct if the radiative heat flux 
per unit area is 3400 W/m? for the emissivity factor of the 
gas e, = 0.16. 

Answer: 657 °C. 


3.5. Overall Heat Transfer 
3.5.1. Definitions 


The amount of heat transferred from one heat-transfer agent 
to another through a separating wall per unit time is defined 
by the following equation: 


Q =k (tr, — ty) F, (3.15) 


where & is the overall heat-transfer coefficient, W/(m-K), 
and t,, and ¢,, are the temperatures of the heat-transfer 
agents. 

For overall heat transfer through a plane homogeneous 
wall, we have 


ke (3.16) 


1 

1 6 es 
op kar 
where a, and a, are the heat-transfer coefficients for the 
surfaces of the wall, A is the thermal conductivity of the 
wall material, and 6 is the wall thickness. 

For a multilayer wall, the overall heat-transfer coefficient 
is 


(3.17) 


where 5; and A; are the thicknesses and thermal conductivi- 
ties of the layers of the wall. 
The temperatures of the wall surfaces are given by 


1 


1 
tw=tn—W oi twat ts. 
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For heat transfer through a cylindrical wall, we have 


Q = nk, (ts, — tt) l, (3.18) 


ee ea (3.19) 


where k, is the heat-transfer coefficient per unit length 
of the tube and / is the tube length. 

The temperatures on the inner and outer surfaces of the 
wall are given by 


1 1 
bus = be, — 4d,’ 
qj 4 
bw, = le, Th “Opgdy 


The heat transfer through a finned wall is described by 
the following equation: 


Q = ky (try — try) Pi = Fe (try — te) Pos (3.20) 


where F, and F, are the areas of the finned and unfinned 
surfaces respectively, and 


k : k : 
{ 4 6 F, 1 2 1 Fs 6 Fs 4 
athtT a a FTN ta 


3.5.2. Problems 


3.33. Find the heat flux per unit area through the plane 
wall of a metallic water heater and the temperature of the 
wall surface, if the temperature of heating gas is 1200 °C, 
the temperature of water in the tank is 200°C, the heat- 
transfer coefficients are 45 W/(m?-K) and 6000 W/(m?-K), 
respectively, the wall thickness is 14 mm, and the thermal 
conductivity of the wall material is 58 W/(m-K). 

Solution. The heat-transfer coefficient is given by 


1 1 
k ae Gren aanee lane =P 428 W/(m?-K), 
Gel a, “oe a) moo 
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The heat flux per unit area through the wall is 
gq = kAt = 44.25 (4200 — 200) = 44 250 W/m?. 


The temperatures on the outer and inner surfaces of the 
wall are respectively 


bw, = ty, — = 1200— aA — 215 °C, 


tw, = ty, + = 200 + SEM = 207,38 °C. 


3.34. The heat flux per unit area through the plane wall 
of a tank is 50 000 W/m? at the gas temperature of 1100 °C 
and the water temperature of 180 °C. The water-side heat- 
transfer coefficient is 5700 W/(m?-K). Find the overall 
heat-transfer coefficient, the gas-side heat-transfer coefficient 
and the temperature of the surfaces of the tank wall, if its 
thickness is 12 mm and the thermal conductivity of metal 
is 56 W/(m-K). 

Answer: k = 54.4 W/(m?-K), a, = 55.5 W/(m?-K), 
tw, = 200°C, ty, = 188.8 °C. 

3.35. Find the heat flux through a brick wall of thickness 
250 mm, covered by a layer of plaster with the thickness 
of 50 mm. The thermal conductivity of brick is 0.93 W/(m-K) 
and that of plaster is 0.093 W/(m-K). The temperature of 
air in the room is 18 °C and outdoors, —25 °C. The heat- 
transfer coefficients are 8 W/(m?-K) and 17.5 W/(m?-K), 
respectively. 

Answer: q = 43.5 W/m?, ty, = 12.57 °C. 

3.36. Find the heat q, lost by the surface of one metre of 
a noninsulated hot water supply pipe-line, if its inner di- 
ameter is 76 mm, the thickness of the wall is 3 mm, and the 
thermal conductivity of the wall material is 50 W/(m-K). 
The temperature of water is 95 °C and the temperature of the 
surrounding air is 15°. The heat-transfer coefficient from 
water to the wall of the pipe is 5000 W/(m?-K) and from the 
pipe to the air, 15 W/(m?-K). 

Answer: gq, = 308 W. 

3.37. Using the conditions of Problem 3.36, find the 
reduction in the heat loss due to the insulation by a layer 
45 mm thick. The thermal conductivity of insulation is 
0.0975 W/(m-K). 
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Solution. The heat lost from the surface of the pipe-line 
one metre long after its coating by the thermal insulation is 


;  (t2,— tty) 
| 2.3 d,, 2.3 ds 1 
Gian Oe a, te 8 aq! aes 
Zz 3.44 (95 —45) 
cx 1 2.3 0.82 2.3 0.442 | 1 
5000 x0.076 + 2x50 1° 0.076 + 2x0.0075 1° 0-083" 150 x0-412 
= 115 W/m. 
The heat losses are reduced in proportion to 
Wy 308 
‘gq, 115° = 2.68. 


3.38. Find the temperature on the inner surface of a steam 
pipe-line with d, = 200 mm, insulated by a layer 100 mm 
thick with the thermal conductivity of 0.11 W/(m-K). 
The thickness of the steam pipe-line wall 6 = 16 mm. The 
steam temperature t;, = 250 °C, and the temperature of the 
surrounding air t;, = 30°C. Assume that the steam-side 
and air-side heat-transfer coefficients are 100 W/(m?-K) 
and 9.5 W/(m?-K) respectively. Calculate heat flux per unit 
length, neglecting the thermal resistance of the pipe wall. 

Solution. The heat flux through the surface of one metre 
of the pipe is 


q 1 (tt,— tt) 
=F 2.3... ds 
4d, + 2h aie at 


3.44 (250 — 30) - 
1 0.416 1 =211 W/m, 


2. 
Too x0.2 + axon * 8 O33 + 95 KOE 


1 
Qed 


= OS 2 Soe bee es ° 
tw = bn — a Ga, = °° — Sarto xO.2 = 246.65 °C. 
3.39. A brine having the temperature t;, = —22 °C flows 


in steel pipe-line with the inner diameter of 60 mm and the 
wall thickness 6 = 3 mm. The heat-transfer coefficient 
from the brine to the pipe is 1750 W/(m?-K) and from the 
pipe to the air, 17.5 W/(m?-K). Find the temperature in 
the room and the cold loss through the surface of one metre of 
the pipe-line, if the temperature of its outer surface ty, = 
— 21.5 °C. The thermal conductivity of steel is 
48 W/(m-K) 
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Answer: t,, = 30°C, q; = 187 W/m. 

3.40. An aluminium wire of 3-mm diameter is coated by 
the layer of a rubber insulation 1.5 mm thick. Find the 
current through the wire if its temperature is 40 °C and the 
temperature of the surrounding air is 15 °C. The air-side 
heat-transfer coefficient is 12 W/(m?-K), the thermal con- 
ductivity of the insulation is 0.165 W/(m-K), and the 
resistivity of the wire is 0.029 Q-mm2/m. 

Solution. The heat flux per unit length of the wire liber- 
ated due to electric current is 


g=Pt, 


The heat liberated in the wire is transferred through its 
surface to the surroundings: 
1 (tw,— ts) 


log “dy + Apde 


1 = 33 
2Mns 
3.14 (40-—15 
Ba I OW is 
23 gg 0-008 1 
2x0.165 *~ °8 0.003 + 12x0.006 


The cross-sectional area of the wire is 
s=n 2 = 3,142 =7.05 mm? 
=n =3.147 57. m?, 
The current in the wire is calculated as follows: 


gs / 4.92X7.05 _ 
Taff Ma yf AERO 2345 A, 

3.41. Using the conditions of Problem 3.40, calculate 
the temperature of a noninsulated wire from which the same 
amount of heat would be removed. Assume that the heat- 
transfer coefficient from the wire to the surroundings is 
1.3 times larger than in the previous case. 

Answer: 48.4 °C. 

3.42. A plane metallic wall having the thickness of 5 mm 
and the thermal conductivity of 50 W/(m?-K) is washed 
up by water from one side (with the heat-transfer coefficient 
of 300 W/(m2-K)) and by air from the other (with the heat- 
transfer coefficient of 8 W/(m?-K)). The temperature of 
water f;, = 85°C and of air t;, = 18°C. Find the change 
in the heat flux per unit area caused by finning the wall on 
the air-side if the ratio F,/F, = 1.6. 

Answer: g, = 523 W/m?*, g, = 823 W/m’. 
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3.43. Using the conditions of Problem 3.42, find the fin 
ratio required for increasing the heat flux per unit area through 
the wall trice. 

Answer; 3.20. 


4. Compressors and Fans 


4.1. Compressors 
4.1.1. Definitions 


The theoretical operating process of a piston compressor is 
shown in Fig. 4.1. The ratio of the suction volume V, to 
the swept volume V,,, of the cylinder is called the volumetric 
coefficient of a stage: 


Ay = 


pin = 1-0 (8 rae 1), (4.1) 


where o = V,/Vsw is the clearance volume coefficient, Vo 
is the clearance volume of the cylinder, B = p,/p, is the 


Fig. 4.4 Fig. 4.2 


pressure ratio of the stage, and n, is the polytropic exponent 
for expansion of the gas remaining in the clearance volume. 

The actual operating process of a compressor, represented 
by its indicator diagram (Fig. 4.2), differs from the theoreti- 
cal process mainly in the additional work due to the resistance 
of the inlet and discharge valves (hatched area). 

The ratio of the volume V of a gas delivered by a com- 
pressor, taken at the parameters of the medium being 
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sucked, to the theoretical capacity V;, of the compressor 
is called the feed coefficient: 


4 
N=. 
The theoretical capacity of a cylinder 0° a compressor, 
m*/hr, is given by 
nD? 
4 


where D and S are the cylinder diameter and the piston 
stroke, m, nm is the speed of rotation of the shaft, rpm, 


= Nodedals 


where A, is the coefficient taking into account the reduction 
of pressure during suction due to the resistance of the suction 
system, A; is the coefficient taking into account the increase 
in temperature (decrease in the gas density) as a result of 
heating of the gas in contact with the walls of suction 
system and cylinder and A, is the coefficient that takes into 
account the leakage in inlet valves and piston rings. 

If the parameters of the sucked gas are py, Ty, and 
Pi, T, are the parameters at the end of suction (beginning 
of compression), we have 


V,=60 


Sn, (4.2) 


Pp. T 
Maat Mae 
G 
ag 


where G, is the mass of the sucked gas and Gis that of the 
gas leaked in the process of compression and discharge. 
The theoretical work of compression of one kilogram of 
a gas in a compressor is calculated as follows: 
(a) isothermal compression 


lis = RT, In B, (4.3) 


(b) adiabatic compression 
k sad. ) 
a= hz RT, (B k —1 , (4.4) 
(c) polytropic compression with the polytropic exponent n 
n-1 
lyr a RT, (B® sa) (4,5) 
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Under normal physical conditions, the capacity of a com- 
pressor is 


Po X273 
V Sao E273)” (4.6) 


where V is the capacity of the cempressor for the parameters 
of the surroundings, p, and f, are the absolute pressure and 
temperature of the surroundings, and p, is the pressure 
under normal physical conditions. 

If the capacity of a compressor is V,, m°/s, for the suction 
pressure p,, the theoretical work of compression per second, 
or the theoretical power, is determined from the formulas 


Va= 


Nis = PiV, In B (4.7) 
Mea=pez pv. (6 —4) 
ad = | pV,\B * —4), (4.8) 
n-1 
Noa=—2_ pV. (p * —4) (4.9) 


The actual effective power of the compressor drive is 
given by 

Nis___ _Naa Npol_ _ 1s 
NisNm NadNm NpolNm Nefis 


i Nefag Net po} ’ 
where is, Naa, aNd po) are the isothermal, adiabatic and 
polytropic indicated efficiencies of the compressor, Nhetgs? 
Net,q and Nhetpo, are the corresponding effective efficiencies, 


and Ym is the mechanical efficiency of the compressor (Hm= 
0.8-0.95), 


a Naa =! Npol (4.10) 


Ne=—, (4.44) 
1m 
where NV, is the indicated or internal power of the com- 
pressor, kW, 


N, = Deut , (4.42) 


P; is the average indicated pressure, MPa, and n is the rota- 
tional speed of the shaft, rpm, and V,, is measured in 
litres. 

The total pressure ratio in a multistage compressor is 


p = BrBir ose B., 
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where fy, Biz, ..., B, are the pressure ratios in individual 
stages. 

If Br = Bx = ... = B,, then B = B%, where fg is the 
value corresponding to one stage. 

Then the number of compression stages is 


__logB 
Blog Bal’ . (4.13) 


4.1.2. Problems 


41. A single-stage compressor sucks in 360 m*/hr of air 
under the pressure of 0.4 MPa and the temperature of 17 °C 
and compresses it to 0.7 MPa. Find the theoretical power 
of the compressor drive and the temperature of air at the 
end of compression. Calculations should be made for an 
isothermal, adiabatic and polytropic compressions with the 
polytropic exponent of 1.25. 

Solution. 

(a) Isothermal compression 

The work of compression in this case is calculated as 
follows: 


Lis = p,V, nB = 0.4 X 360 x 2.3 x log7 
= 70 MJ/hr = 70 000 kJ/h, 


where f = p,/p, is the pressure ratio for the compressor 
The theoretical power is 

eee Iig __ 70000 

1s"~ "3600 ~~ 3600 


The temperature remains constant during the isothermal 
compression. 

(b) Adiabatic compression 

The theoretical power (see formula (4.8)) is 

14-4 
_ 1.4xX0.4 x 10° x 360 (ta = 
Naa = —3600 x 108 141) ~ (7 _1) =26.1 kW. 

The temperature at the end of the compression is calculated 

from the following relation: 


= 19.45 kW. 


hot 1.4-4 
T=T,p* =290x7 '* =506 K, 
t, = 233 °C. 


(c) Polytropic compression 
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The theoretical power (see (4.9)) is 


1.25-1 


1.25 x 0.1 x 10° x 360 (7 1.25 244) = 23.9 kW 


N’ pol = 3600 x 108 x (1.25—1) 
The temperature at the end of.the compression is given by 
n-1 1.25-4 
T,=T,p”" =290x7 ** =428 K; 
t, = 155 °C, 


4.2. A compressor sucks in air under the pressure of 
0.4 MPa and compresses it to the pressure of 0.6 MPa. Cal- 
culate the capacity of the compressor, if the theoretical 
power for adiabatic compression is 55 kW. 

Answer: V = 845 m°/hr. 

4.3. The theoretical work of adiabatic compression of one 
cubic metre of air is 234.5 kJ. Calculate the final pressure if 
the initial pressure is 0.1 MPa. 

Answer: 0.6 MPa. 

4.4. Determine the limiting value of pressure to which 
air can be compressed in a single-stage piston compressor 
with a clearance volume, if the pressure at the beginning of 
the compression is 0.1 MPa. The polytropic exponent for the 
expansion of the air remaining in the clearance volume should 
be taken at 1.2. Solve the problem for the clearance volume 
of 3, 5, and 10%. 

Solution. The limiting pressure is the discharge pressure 
at which the volumetric coefficient becomes equal to zero: 

4 


dy=1—o(p™ —1) <0, 


where o is the clearance volume coefficient and 6 is the pres- 
sure ratio in the compressor. 
Consequently, 
1 
Tm  o+1 
pb" =. 
This gives 


1 
log Bim = M2 x log ot . 
Ifn, = 1.2ando = 0.03, nance = 68.2. For o = 0.05, 
Biim = 38.5, and for o = 0. 1, Bitm = 17.8. 
Since p, = 0.1 MPa, the value of the limiting pressure 
in MPa’s will be numerically equal to Bjjm X 0.1. 
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4.5. Find the volumetric coefficient of a single-stage piston 
compressor operating with the pressure ratio of 10 and the 
polytropic exponent for compression equal to 1.3. Solve 
the problem for the clearance volume equal to 5, 10, and 
15%. 

Answer: 50% = 0.755, 410% = 0.54, 15% = 0.27. 

4.6. Oxygen in amount of one cubic metre is compressed 
with the pressure ratio of 5 and the polytropic exponent 
for compression equal to 1.2. Calculate the amount of heat 
removed during the compression and cooling of compressed 
oxygen to the initial temperature. The initial parameters 
of oxygen correspond to the standard state. 

Solution. Under standard conditions, the mass of one 
cubic metre of oxygen is 1.43 kg. As a result of polytropic 
compression, the temperature at the end of compression 
becomes 


n-1 2-1 


n 


1.2- 
=273x 5 1? =358 K, 


= Po 
T,=T, ( 7 ) 
ty = 85 °C 
The heat removed in the polytropic compression is 
—k 
Q=me, — (T2—T') 


1.2—1.4 


(358 — 273) = — 87.8 kJ. 

The minus sign indicates that heat is removed from 
oxygen during compression. 

The amount of heat removed in the isobaric cooling of 
oxygen 


Q = mep (T, — T,) = 1.43 X 1.013 x 85 = 123 kJ. 


4.7. During polytropic compression of air in a compressor, 
8.95 kJ of heat are removed from each standard cubic metre 
of air. The temperature of air increases by 120°C during 
compression. Find the polytropic exponent for the com- 
pression. 

Answer: n = 1.3. 

4.8. A single-stage compressor having the capacity of 
0.75 m3/min compresses air from 0.1 to 0.6 MPa. Calculate 
the effective power of the compressor drive, if the effective 
isothermal efficiency of the compressor is 0.6. 
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Solution. The theoretical power of isothermal compres- 
sion of air is given by 


Nig= PiVy In P= 0.1 x 109-8 5 2.3 x log 6 = 2.24 kW. 


The power of the compressor drive is calculated as follows: 


4.9. Calculate the mechanical efficiency of a single-stage 
compressor having the capacity of 5 m/min, which com- 
presses air from 0.098 to 0.5 MPa. The effective power of 
the compressor drive is 21.5 kW for the indicated isothermal 
efficiency of 0.78. 

Answer: 0.845. 

4.10. In a compressor, the pressure of air rises from 0.097 
to 0.8 MPa at the initial temperature of 30°C. Calculate 
the capacity of the compressor (in m*/min), if the effective 
isothermal efficiency is 0.65 and the effective power of the 
compressor drive is 26 kW. 

Answer: 4.96 m/min (5.53 kg/min). 

4.41. Find the feed coefficient of a compressor, if its 
clearance volume coefficient is 3.5% and the pressure ratio 
in one stage is 3.5. The parameters for the beginning of com- 
pression are 0.098 MPa and 38°C. The parameters of sucked air 
are 0.4 MPa and 25 °C. Assume that the coefficient taking 
leakage into account is equal to 0.98. The polytropic expo- 
nent for the expansion of the air remaining in the clearance 
volume is 41.1. 

Solution. The volumetric coefficient of the compressor is 

1 


eats, 
dp =1—o(p™ —1) =1—0.035(3.57* —1) —0.926 
The feed coefficient is given by 


A= hodyhedy = 0.926 x 2088 288. 0,98 = 0.852, 

4.12. Calculate friction (mechanical) losses in a com- 
pression stage of an air compressor of capacity 5 m*/min, 
if the pressure of air rises from 0.098 to 0.35 MPa. Assume 
that the indicated adiabatic efficiency is 0.72 and the 
mechanical efficiency is 0.88. 

Answer: 2.3 kW. 

4.13. The actual indicated diagram of a piston compressor 
has a larger area in comparison with the diagram bounded 
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from above and below by isobars for sucked and discharged 
air due to the resistance of inlet and discharge valves. Find 
the power lost as a result of the resistance of the valves if 
the area ratio for the indicated diagrams being compared 
is 0.85. The effective power of the compressor is 30 kW and 
its mechanical efficiency is 0.87. 

Answer: 3.91 kW. 

4.14. A two-stage compressor compresses air to the mano- 
metric pressure of 0.8 MPa. The air temperatures at the 
beginning of compression in the first and second stages are 
25 and 49 °C. Calculate the share of each stage in the total 
pressure ratio for obtaining the same temperatures at the 
end of compression. Assume that compression is polytropic 
with the polytropic exponent of 4.25. 

Answer: Br => 3.64, Bir = 2.47. 

4.15. Calculate the effective power of a three-cylinder 
two-stage air compressor having the diameters of the cylin- 
ders of the first and second stages of 198 and 155 mm, if the 
piston stroke is 145 mm and the rotational speed of the shaft 
is 850 rpm. The mean indicated pressure for the first stage 
is 0.17 MPa and for the second stage, 0.31 MPa. The me- 
chanical efficiency of the compressor is 0.77. 

Solution. The indicated power of the cylinder of the first 
compression stage is 


_ piVan _ O.A7m X 1.98? X 1.45 x 850 _ 
Ny =e a = 10.77 kW, 


The indicated power of the cylinder of the second com- 
pression stage is 


Niar= 0.310 x aed x 850 _ 12.03 kW. 
The total indicated power is given by 
N, = 2Nyr + Nix = 2 X 10.77 + 12.03 = 33.57 kW. 


The effective power is calculated as follows: 


4.16. Calculate the average indicated pressure in the sta- 
ges of a two-stage two-cylinder compressor having the dia- 
meters of the cylinders of 350 oand 200 mm and the piston 
stroke of 200 mm, if the rotational speed of its shaft is 
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730 rpm. Assume that the work of compression in the stages 
is the same and the total indicated power is 17.5 kW. 

Answer: pyy = 0.1175 MPa, pyyzy = 0.359 MPa. 

4.17. A three-stage compressor having the capacity of 
500 m*/hr compresses nitrogen from 0.086 to 5.5 MPa. The 
temperature at the beginning of gll three compression stages 
is maintained constant due to the gas cooling after the first 
and second compression stages. Calculate the decrease in 
the power of the compressor drive due to gas cooling in inter- 
mediate refrigerators, assuming that the pressure ratio 
is the same in all the stages and that the adiabatifc effective 
efficiency is 0.72. 

Answer: 47.8 kW. 


4.2. Fans 
4.2.1. Definitions 


Fans are divided into centrifugal and axial depending on 
their design and the method of gas displacement. The total 
pressure developed by a fan is equal to the difference between 


the total pressures H¢"' and Hi" on the outlet and inlet of 
the air duct: 


A, = He" —a#?. (4.14) 


The static pressure of a fan is defined as the difference 
between the total pressure H; and the outlet dynamic pres- 
sure HQ", 

The dynamic pressure of the fan is 


HY =p, (4.15) 


where p is the density of air fed by the fan, kg/m, and v is 
the outlet air velocity, m/s. 

The pressure developed by a fan depends on the hydraulic 
resistance of the air pipe-line. The larger the hydraulic resis- 
tance in the duct, the lower the fan capacity. The dependence 
between the capacity of a fan and the pressure developed 
is a characteristic of the fan and is given by diagrams or 
tables in the reference books on fans. 

The power of the fan drive, W, is given by 


VA 
N;: Sa 9 (4.16) 
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where V is the fan capacity, m/s, H, is the total pressure 
developed by the fan, N/m?, and mn; is the fan efficiency 
ranging between 0.5 and 0.85 depending on the type of the 
fan and on its capacity. 

The power of the electric motor driving a fan is 


Nt 
New. a (4.17) 
where nt, is the transmission efficiency, which varies be- 
tween 0.85 and 0.95 for a belt transmission, and Ye. is 
the efficiency of the electric motor. 

For geometrically similar fans (i.e. differing only in 
geometrical size) the similarity in capacities as well as in 
developed pressures and consumed powers is also observed. 

If the capacity V,, head H, and consumed power JN, are 
known for a fan among the group of geometrically similar 
units, the corresponding parameters V,, H, and N, for any 
other fan of this group, provided that their efficiencies are 
equal, are given by 


V,=V, (5)*, (4.18) 
Hy= He (3) (at) (4.19) 
Nam Not (SE) (ary (4.20 


where n, D, and p are the values of the rotational speed, 
diameter of the wheel and the density of discharged air being 
compared, respectively. 


4.2.2. Problems 


4.18. Calculate the total pressure developed by a fan 
having the capacity of 3000 m°/hr, if the power consumed 
at the efficiency np = 0.52 is 1.8 kW. 

Answer: H, = 1120 N/m? = 114 mmH,0. 

4.19. Calculate the power of the drive of the fan JBP 
No. 6 supplying 7000 m°/hr air at the density 9 = 1.2 kg/m? 
under the static pressure H,, = 1100 N/m?, if the fan effi- 
ciency yn, = 0.56. The area of the square cross section at the 
outlet is 0.1764 m?. 

Solution. The velocity of air at the outlet is 
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The dynamic pressure produced by the fan is 
Ha=p 4-12 4S = 72.6 N/m? 


The total pressure produced by the fan is 
Ay = He + Ha = 1100 + 72.6 = 1172.6 N/m’. 
The power of the fan drive is 


Vp 7000 x 1172.6 
N= “nt 3600X0.56 4070 W. 

4.20. What will be the change in the capacity and pres- 
sure developed by the fan I[4-70 No. 7 if the rotational speed 
of the shaft is increased from 430 to 670 rpm? The capacity 
of the fan V, = 2000m‘*/hr, and the pressure H,, = 150 N/m? 
for n = 430 rpm. 

Answer: V, = 0.866 m/s, Hy, = 364.17 N/m?. 

4.21. The fan I9BP No. 3 has the capacity V, = 
2000 m*/hr for the rotational speed of the shaft n = 
1000 rpm. The total pressure H;, in this case is 255 N/m?. 
The fan diameter D, = 0.24 m, and the power VV, consumed 
on the fan shaft is 0.22 kW. Calculate the diameter of the fan 
of this type, required for doubling its capacity. What will be 
the pressure developed by the fan and the power consumed 
by it if the rotational speed of the fan shaft is reduced 
to 750 rpm with increased diameter? 

Answer: D, = 0.333 m, Hy, = 276.14 N/m*, N, = 
0.477 kW. 

4.22. Calculate the efficiency ny; of a fan if its capacity 
is 6650 m*/hr and the total head H, = 1300 N/m?. The power 
of the electric motor is 5 kW for the efficiency nHem.= 0.9. 
The electric motor drives the fan shaft through a V-belt 
transmission having the efficiency nt, = 0.89. 

Answer: n; = 0.6. 


5. Fuel and Its Combustion 


5.1. Fuel Composition 
5.1.1. Definitions 


Organic fuel is at present the main source for obtaining 
energy for commercial and industrial purposes. We call the 
fuel those carbon-containing compounds that release upon 
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combustion an amount of heat sufficient for industrial 
purposes. 

A fuel contains both combustible and incombustible com- 
ponents. Fuel characteristics can be reduced to 

working fuel (as received): 


cv + HY + OW + Nw + Sw + Aw + Ww = 100%, (5.1) 


dry (moisture-free) fuel: 


C4 + He + Od + NA + §4 + Ad = 100%, (5.2) 
combustible (dry-and-ash-free) fuel: 

Ce + He + Oc + Ne + Se = 100% (5.3) 
or organic matter: 

Co + He + 0° + No + So = 100%. (5.4) 


In the above formulas, the following notations are used: 
C—carbon, H—hydrogen, O—oxygen, H—nitrogen, S— 
sulphur, A—ash and W—water. The fuel elements are given 
in percent per kilogram of the fuel mass. 

Water W and mineral admixtures which are converted 
into ash A upon combustion make up the fuel ballast (non- 
combustibles) W-+ A. 

The elementary composition of one mass of fuel to another 
is recalculated through the formulas 


cw =CcK, Hw = HK, etc. (5.5) 


where K is the conversion factor. The conversion factors for 
recalculating the elemental fuel composition from one mass 
to another are given in Table 5.1. 

The heat of combustion of fuel is the amount of heat liberat- 
ed upon complete burning one kilogram of a solid or liquid 
fuel. For a gaseous fuel, the heat of combustion is referred to 
one cubic metre under the standard physical conditions. 

The upper and lower heat values Qip and Q7, kJ/kg, 
are distinguished in the combustion of a fuel: 


Qup — Qi = 224H¥ + 25Wr. (5.6) 


In practical calculations, the lower heat value Qj is used 
more frequently: 

The lower heat value of the working mass of a solid or 
liquid fuel, kJ/kg, is calculated by the formula 


Q) = 338C¥ + 1025H¥ + 108.5 (OW— S¥)—25W~*. (5.7) 
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For a gaseous fuel, we have (MJ/m?) 


Qi = 0.108H, + 0.126CO + 0.234H,S + 0.358CH, 
+ 0.638C,H, + 0.913CsH, + 1.187C,Hyo + 1.461C;H,, 
+ 0.591C,H, + 0.86C,H, + 1.135C,Hg. (5.8) 


For determining the norms of fuel demand and for com- 
paring the heat value of different types of fuel, the concept 
of equivalent fuel is used. 

The heat of combustion of equivalent fuel is assumed to 
be equal to 7000 kcal/kg or 29.3 MJ/kg. The recalculation 
of the consumption of a real fuel for the equivalent fuel is 
carried out with the help of the thermal equivalent of the 
fuel: 


Beq = ByE, (5.9) 
where B.g and By are the rates of equivalent and working 
fuel and £ is the thermal equivalent of the fuel defined as 


the ratio of the heat of combustion for the real fuel and 
the heat of combustion for the equivalent fuel: 


pee (5.10) 
if QY is measured in kcal/kg. Since 7000 x 4.19 = 
29.3 MJ/kg, we have 

or 
29.3 ° 
if Qj’ is measured in MJ/kg. 


E= (5.44) 


5.1.2. Problems 


5.1. Find the lower heat value of the working mass 
of a fuel with the following composition: 
Ce = 93.5%; He = 1.8%, Ne = 1.0%, Of = 1.7%, S* = 2%, 


AW = 13.3%, WY = 5%. 


Solution. For recalculating the fuel composition from 
the combustible mass to the working mass, we determine the 
conversion factor: 
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This gives 
Cw = 93.5 x 0.817 = 76.4%; 
-Hw = 1.8 x 0.817 = 1.47%; 


Nw = 1 X 0.817 = 0.817%; 


Ow = 1.7 X 0.817 = 1.39%; 
SY = 2 x 0.817 = 1.634%. 


In order to verify the accuracy of calculations, we find 
the sum 


cy + HY + Nw + OW + S¥ + AW + WY = 100%, 


76.4 + 1.47 + 0.817 + 1.39 + 1.634 + 13.3 +5 = 100%. 


The lower heat value of the fuel for the working mass (see 
formula (5.7)) is 


QY = 338 x 76.4 + 1025 x 1.47 — 108.5 (4.39 — 1.634) 
—25 X 5 = 27211.5 kJ/kg. 


5.2. A fuel is given by the elementary composition of the 
dry-and-ash-free mass. Find the conversion factor for recal- 
culating to the working mass, if AY= 18% and W¥= 32%. 

Answer: K = 0.502. 

5.3. Calculate the conversion factor of the ash content 
from the dry mass to the working mass, if A? = 13.5% and 
Wr = 9.2%. 

Answer: K = 0.908. 

5.4. Calculate the working mass composition of a fuel 
with the following dry-and-ash-free mass composition: 


Ce = 80.0%, Ht = 5.6%, Oc = 5.1%, Ne = 1.2%, 
Se = 8.1%, A= 27.5%, Wr = 4%, 
Answer: A®¥ = 26.4%, C¥ = 55.8%, H¥ = 3.9%, N¥ = 
0.8%, S¥ = 5.6%, OW = 3.5%. 


5.5. Calculate the lower heat value of the working mass 
of a fuel with the following elementary composition: 


Cw = 45.5%, H¥ = 3.1%; Nw = 0.8%, S¥ = 3.7%, 
OW = 8.4%, AY = 13.5%, WW = 25%. 
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Solution. The lower heat value of the working mass of the 
fuel is calculated by formula (5.7): 


Qi = 338C¥ + 1025H¥ — 108.5 (OW — S¥) — 25W~, 
QY = 338 x 45.5 + 1025 x 3.4 — 108.5 (8.4—3.7) — 
— 25 X 25 = 17 400 kJ/kg. 


5.6. Calculate the heat of combustion of softwood which 
has the following elementary composition at the water 
content WY = 45% and the ash content A? = 1%: 


Ce = 51%; He = 6.15%, Oc = 42.25%, Ne = 0.6%. 
Answer: QY = 9135 kJ/kg. 


5.7. Find the lower and the upper heat values of the 
working mass of a fuel having the following composition: 


cw = 60.8%, HY = 4.38%, N¥ = 0.9%, OF = 11.5%, 
SY = 0.5%, A¥ = 10%, WY = 12%. 
Answer: QY = 23.4 MJ/kg, Qip = 24.66 MJ/kg. 


5.8. Calculate the lower heat value of the working mass 
of fuel oil having the following composition: 


wr = 3%, AX = 0.3%, S¥ = 0.5%, C¥ = 85.3%, 
HY = 10.2%, (N¥ + OV) = 0.7%, OF = 0.5%. 
Answer: QY = 39000 kJ/kg. 


5.9. Calculate the lower heat value of dry natural gas 
of the following composition: 


H,S = 1.0%, CO, = 0.2%, CH,= 76.7%, C,He= 4.5%, 
C,Hs= 1.7%, C,H, = 0.8%, Cy. = 0.6%, N, = 14.5% 
Answer: Qi = 33980 kJ/m’. 


5.10. Find the lower heat value of dry producer gas obtained 
from Donetsk antracite. The gas content is as follows: 


H,S = 0.2%, CO, = 5.5%, O, = 0.2%, CO = 27.5%, 
H, = 13.5%, CH,= 0.5% and N, = 52.6%. 
Answer: Q¢ = 5170 kJ/m*. 


5.41. Calculate the lower heat value of a dry gaseous fuel 
having the following composition by volume: 


CO = 0.1%, CH, = 97.9%, CgHg= 0.5%, CsHa= 0.2%, 
C,H = 0.1%, Ng = 1.3%. 
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Solution: The lower heat value of a gaseous fuel is deter- 
mined by formula (5.8): 


Qf = 0.358 x 97.9 + 0.638 + 0.5 + 0.913 x 0.2 
+ 1.187 x 0.4 = 35 + 0.319 4 0.1826 + 0.1187 
= 35.72 MJ/m%. 


5.12. The amount of natural fuel consumed per year at an 
electric power plant is 2.0 x 10° kg. The lower heat value 
of this fuel Q = 16 750 kJ/kg. Calculate the annual demand 
of equivalent fuel at the power plant. 

Solution. For recalculating the consumption of the natu- 
ral fuel to the equivalent fuel, we use formula (5.11): 


This gives 
Beg = 2.0 X 108 x 0.572 = 1.144 kg. 


59.13. Find the thermal equivalent for natural gas whose 
lower heat of combustion Q}” = 34000 kJ/m’%. 

Answer: E = 1.16. 

9.14. Calculate the thermal equivalent for generator gas 
whose lower heat value Q = 5500 kJ/kg. 

Answer: E = 0.187. 

5.15. The stock of brown coal at the storehouse of an 
electric power plant is 25 000 t and the stock of antracite 
culm is 1500 t. The composition of the brown coal is 


Cw = 34.8%, HY = 2.4%, OW = 9.4%, NY = 0.7%, 
y = 2.5%, AW = 18.2, WY = 32%. 


The elemental composition of antracite culm is C¥ = 
71.4%, HY =1.4%, Ow =1.4%, Nx = 0.9%, S¥ = 
1.5%, A¥ = 16.0%, WY =7.4%. Calculate the total 
stock of fuel in the storehouse in terms of equivalent fuel. 

Answer: Beq = 12 154 t. 

5.16. 250 t of natural fuel with the lower heat value 
QY = 17 200 kJ/kg are burnt daily in a boiler unit. Find 
the consumption of the fuel per hour in tons of the equiva- 
lent fuel. 

Answer: Beg = 140.88 t. 
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5.2. The Process of Combustion of a Fuel 
5.2.1. Definitions 


Combustion of fuel is a physical process in which combusti- 
ble components of a fuel are combined with atmospheric 
oxygen, accompanied by an intense liberation of heat. Com- 
bustion of a fuel may be complete or incomplete. 

Combustion is complete if it occurs in the presence of 
a sufficient amount of oxydizer and is finished by a complete 
oxydation of combustible elements of the fuel. Gaseous 
combustion products in this case mainly consist of CO,, 
H,O, and Ng. 

If combustion is incomplete, the combustion products con- 
tain CO besides the above-mentioned compounds. 

The theoretical amount of air, kg, required for combus- 
tion of one kilogram of a solid or liquid fuel under standard 
conditions is determined by the formula 

2.67CW-+ 8HW + S¥ —Ow 
f= 100 x 0.23 : (5.42) 

The air density under standard conditions pai; = 
1.293 kg/m’. Hence the volume rate of air, V;, m3/kg, re- 
quired for combustion of the fuel is determined from the 
formula 

yo (5.43) 
Bo 4293-3 : 
or 


V; = 0.0889C¥ + 0.265H¥ + 0.033 (S¥ — Ow), (5.44) 


where C¥, H¥, S¥, and OW is the elementary fuel composi- 
tion by the working mass, %. 

The actual amount V,, of air required for combustion 
of one kilogram of a fuel is determined by multiplying the 
theoretical amount of required air by the excess-air coeffi- 
cient: 

Vac = @V;. (5.15) 


For a gaseous fuel, the theoretical amount of air, m°, 
required for burning one cubic metre of a dry gas is calcu- 
lated by the formula 


V,=0.0478 [ 0.5cot + 0.5H!+ 1.5H,S' + 2cHt 
+3 (m+) Gnltx—OF ] , (5.16) 
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where COt, Hf, etc. are the contents of individual gases in 
the gaseous fuel in per cent by volume. The symbol C,,Hy 
denotes unsaturated hydrocarbons (e.g. C,H,). 
The actual amount of air Vac is determined by (5. 15). 
The volume of flue gases, Vz, is calculated by summing up 
the volumes of dry gases, Vq.g., and water vapour, Vy. y. 


Ve = Vag. + Vw.v. 6.17) 
Vag. = Vro, + Vn, + Vo,, 


Here 


where 
Vro, = Veco, + Vso,- 

A special attention should be paid to the amount of air 
taking part in the process of combustion. 

For a = 1, Vg = Vi, which corresponds to the minimal 
volume van of dry gas. When a > 1, the volume of dry 
gas should be calculated by taking into account excess air: 

Vag. =Vage +—1)V, (5.18) 
ven = 0.79 V, + 0.0187K*, (5.19) 
where 0.79 V; is the volume of nitrogen in the theoretically 


required amount of air, m®/kg, and 0.0187K™ is the volume 
of triatomic gases: 


Kw = Cw + 0.3758". (5.20) 


The volume of water vapour, m°/kg, at the density 
Pw. v. = 0.805 kg/m* under standard conditions, is calcu- 
lated by the following formula: 


_ 9H¥+Ww 
Vv. = 00%0.805.’ (9.24) 
or 


Vw.v. = 0.0124 (QH” + Ww). (5.22). 


The volume of combustion products of a gaseous fuel is 
also calculated by (5.17), where 


Vro, = 9.01 (CO, + CO + HS + CH,+ 2C,H,). (5.23) 
For a= 1, we have 


ymin 


Ving = 0.01 (H.S + H, + 2CH, +0.124d, 
+34 CrnHn ) + 0.0161V;, (5.24) 
where dg is the moisture content in the gaseous fuel, g/m°. 
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For a > 1, we obtain 
Vu0 = Vito + 0.0164 (a —1) V4. (5.25) 
The volume of dry gas for @ > 1 is calculated by taking 
into account that 
Vig =Vror+Vies (5.26) 


Vu" = 0.790, +2 


The volume of gas, m°/kg, under the atmospheric pressure 
and the temperature ¢ is calculated from the formula 


Ve=Ve (1+ a5). (5.27) 


The enthalpy J of combustion, kJ/kg, is determined as 
the sum of the minimal enthalpy of combustion products 
(for @ = 1) and the enthalpy of the excess air at the tem- 
perature of combustion products, t,, °C. 

For « > 1, we have 


T=1p™+(a—1) SP, (5.28) 
where [3 — Vicairtg is the enthalpy of air for « = 14, 
kJ/kg, ee is the enthalpy of combustion products for 
a =1 kJ/kg 
i = (Ve + ee tg, 
Cair, Cg, and cy.y, are the average specific heats at constant 
pressure for air, gas and water vapour respectively, and ta, 


and t, are the temperatures of air and combustion pro- 
ducts, °C. 


5.2.2. Problems 


5.17. Calculate the volume and enthalpy of combustion 
products at the furnace exit and the theoretical and actual 
amounts of air required for burning one cubic metre of nat- 
ural gas having the following composition: CO, = 0.2%, 
CH, = 97.9%, C,H, = 0.1%, and N, = 1.8%. The excess 
air coefficient a = 1.1, and the gas temperature at the 
furnace exit t, = 1000°C. 

Solution. The theoretically required amount of air is 
calculated by formula (5.16): 


V_= 0.0478 [0+ 0+0+42 x 97.94 (2 + +) 0.1 —0| 
= 0.0478 x 195.4= 9.35 m3 of air per m? of gas. 
452 


The actual amount of air will be 
Vac = av, = 1.1 X 9.385 = 10.285 


in cubic metres of air per cubic metre of gas. 
The composition of combustion products can be calcu- 


lated by (5.17): ° 
Ve = Vag. + Vw.v.s 
where Vag. =Vaw +(a—1) Vi, 


Vie. = Varo. t+ Vis 
Vro, = 9.04 (CO, + CO + H,S + CH, + 2C,H,), 
vain — 0,.79V,-+ aw ; 
The volume of water vapour for « = 1.1 is 
Vey. = Varv. +0.0161 (w—1) Ve, 
Vivev. = 0.01 (H,S + Hy + 2CH, + 0.124dy + CoH,) + 0.01617;, 


where dg is the moisture content of the gaseous fuel, g/m’. 
By the condition of the problem, dg = 0. 
Let us calculate Vro,: 


Varo, = 0.0100.2 + 0 + 0 + 97.9+2x 0.1) = 0.983 m3/m%. 
Now we can find 


Vg = 0.79 x 9.35 + 45 = 7.4m9/m, 


The volume of dry gas for a =1 is 
vert = 0.983 + 7.4 = 8.383 m3/m’. 
The volume of dry gas for a = 1.1 is 
Vag. = 8.383 + (1.1 — 1) 9.85 = 9.318 m3/m?. 
The volume of water vapour for a = 1 is 
Vav, = 0.010 +0 +2 x 97.9 +0 +4 0.1) + 0.0161 
x 9.385 = 0.01 x 195.9 + 0.1505 = 2.11 m*/m°. 
The volume of water vapour for a = 1.1 is given by 
Vy.v. = 2.41 + 0.0164 x (1.4—1) 9.385 = 2.11 + 0.015 
= 2.125 m%/m%. 
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The total volume of combustion products for a = 1.1 is 
V, = 9.318 + 2.125 = 11.443 m%/m%. 


Peay enthalpy of combustion products for the temperature 
= 1000°C is calculated by (5.27). 
Sor a = 1.1, we have 


I, — Pepe + (a — 1) Vicairte, 
where 
R= (ver Ce + yen Oy. @ ) tg. 


The average heat capacity per unit volume at constant 
pressure for t = 1000°C is 


peniee Va.g.ed.g. + Vw.y.ew.v. 
SS, 
4 Ve 

min 
Va.g.cg = VrosCro, + Vue Cna- 


The specific heat for individual components of combustion 
products is taken from Table 2.2: 


CRO, = CcOg = 2.2035 kJ/(m3-K), 
cn = 1.3917 kJ/(m’-K), 
Cw.y, = 1.7229 kJ/(m3-K), 
Cair = 1.4097 kJ/(m3-K), 


__ 0.983 x 2.2035 +- 7.4 x 1.3917 -+- 2.125 x 1.7229 
7 11.443 


= 1.42 kJ/(m3-K). 


The enthalpy of combustion products is calculated as 
follows: 


TE". (8.383 x 1.42 + 2.425 x 1.7229) x 1000 

= 15.55 x 10 kJ/m3, 
IT, = 15.55 x 108 + (1.4—1) 9.35 x 1.4097 x 1000 

= 16.87 x 10° kJ/m. 


5.18. Calculate the theoretical amount of air required for 
burning one cubic metre of a gas whose composition is: 


CO, = 0.1%, CH, = 97.9%, C,H, = 0.5%, C3Hs = 0.2%, 
C,H,) = 0.1%, N, = 1.3%. 
Answer: V, = 9.5 m°%/m', 
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5.19. Find the theoretical and actual amount of air 
required for the combustion of antracite of the following 
elementary composition: 


WY = 5%, AY = 13.3%, S} = 1.7%, C” = 76.4%, 
HY = 1.5%, N¥ = 0.8%, O = 1.3%. 
The excess air coefficient for the furnace chamber is 
‘ ee The theoretical amount of air required for burn- 
ing one kilogram of a solid or liquid fuel is calculated by 
(5.14). 
V, = 0.0889C”¥ + 0.265H” + 0.033 (Sy — OW) 
= 0.0889 x 76.4 + 0.265 x 1.5 + 0.033(1.7—1.3) 
= 7.2 m3/kg. 
The actual amount of air is calculated by (5.15): 


Vac = aV, = 1.2 X 7.2 = 8.64 m3/kg. 


5.20. Find the theoretical amount of air required for 
burning a fuel with the following elementary composition: 


WY = 13%, AY = 10.4%, S¥ = 0.6%, CY = 67.9%, 
HY = 4.8%, N¥ = 1.9%, OY = 1.4%. 


Answer: V, = 7.28 m/kg. 

5.21. Find the actual amount of air required for burning 
one kilogram of a gas, if the excess air coefficient a = 1.1 
and the theoretical amount V;,ofair required for this purpose 
is 9.54 m3/m°, 

Answer: Vz, = 10.461 m°/m'. 

5.22. Calculate the theoretical amount of air required 
for burning one cubic metre ofa gas with the following com- 
position: 

CO, = 0.3%, O, = 0.2%, CH, = 89.9%, C,H, = 3.1%, 
C3Hs = 0.9%, C,Hy) = 0.4%, Ng = 5.2%. 


Answer: V, = 9.33 m?/m'%. 

5.23. Calculate the actual amount of air required for 
burning one cubic metre of a gas with the following compo- 
sition: CH,= 92.2%, C,H, = 0.8%, C,H,, = 0.1%, N, = 
6.9%. The excess air coefficient a = 1.1. 

Answer: Va, = 9.83 m°/m', 
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5.24. Find the actual amount of air required for burning 
one cubic metre of a gas if V; = 9 m?/m® and a = 1.15. 

Answer: Va, = 10.35 m3/m'. 

5.25. Calculate the volume of the dry gas and water vapo- 
ur produced as a result of combustion of a fuel with the 
following composition: 

WY = 26%, AY = 17%, SY = 0.6%, CY = 41.9%, 
HY = 2.7%, NX = 0.5%, OF = 11.3%. 

The excess air coefficient a is 1.25. 

Solution. The volume of the dry gas is calculated by the 
formula 

Vag. = Vag. + @—1) V4, 
where 
ver = 0.79 V, + 0.0187 K*. 
Here 
¥ = C™ = 0.37587 . 

Thus, we have 

Va.g. = 0.79V; + 0.0187 (CY + 0.3758; ) + (a — 1) Vi. 

Let us calculate the theoretical amount of air required for 
burning one kilogram of the fuel: 

Vi = 0.0889 x 414 x 9 4+ 0.265 x 2.7 + 0.033 (0.6—11.3) 
= 41 m/kg. 

Then 

Va.g. = 0.79 X 4.4 + 0.0187 (41.9 + 0.375 x 0.6) 

+ (14.25 — 1) x 4.4 = 3.24 + 0.787 + 1.025 
= 5.051 m°/kg. 
The volume of water vapour is calculated by the formula 
_ 9HW+WW  9x2.7426 
Vwvew = 700% 0.808 400 x0.805 = 9-625 mi/kg. 

5.26. Calculate the volume of the dry gas and water 
vapour at a = 1 for a fuel with the following composition: 
WY = 37%, AY = 9.5%, S¥ = 0.2%, C* = 37.8%, 
HY = 2.3%, N¥ = 0.5%, OY = 12.7%. 

Answer: Va.g. = 3.56 me/kg, Vy. v= 0.77 m°/kg. 


5.27. The theoretical amount of air required for burn- 
ing one kilogram of a fuel under standard conditions V; is 
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9.35 m3/kg. Find the actual volume of air for the excess air 
coefficient a = 1.15 and the temperature tg;, = 20°C. 
Solution. The actual volume of air is given by 


Vac = avi, 
Vac = 1.15 X 9.85 = 10.75 m°/kg. 
The air flow rate for ¢ = 25°C is 


Vie=Vac (1 + -it-) = 10.75 (4 + gor) = 11.73 mi/kg. 


5.3. Furnaces (Stokers} 
5.3.1. Definitions 


The main thermal characteristics of layer furnaces are: 
the heat liberated by fuel per unit firebed surface per 
hour, kW/(m?-hr) 


a 
z= (5.29) 
where B is the fuel rate, kg/s, Qj’ is the lower heat value of 
the fuel, kJ/kg, and R is the firebed surface area of the 
grating, m?. The heat liberated by fuel per cubic metre per 
hour, kW/(m3-hr), is 


(5.30) 


where V; is the volume of the furnace chamber. 


5.3.2. Problems 


5.28. The rate of fuel with the heat of combustion Q} = 
10 700 kJ/kg burnt in the furnace of a boiler with a lay- 
ered combustion of fuel on a chain grating is 6500 kg/hr. 
Calculate the active surface area of the chain grating and 
the volume of the furnace chamber, if the admissible heat 
liberated by fuel per unit firebed surface per hour Q/R = 
4.19 x 10° kJ/(m?-hr), and the heat liberated by fuel 
per cubic metre per hour Q/V; = 1.050 x 4106 kJ/(m3-hr). 

Solution. The active surface area of the firebed of the 
chain grating can be calculated from (5.29): 


R,. = Zi _ 8500 x 10 700 
f-8."" (Q/R) «4.40 x 10° 


= 16.6 m?, 
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The volume of the furnace chamber is calculated from 
formula (5.30): 


BQy 6500 x 10 700 
Yt= Op =~ 1.05 xc 40° = 86 m®. 

5.29. The rate of fuel having the lower heat value Q}’ = 
21 000 kJ/kg and burnt in the furnace of a boiler is 
6000 kg/hr. Calculate the heat liberated by fuel per unit 
firebed surface per hour and the heat per cubic metre per hour 
if Ry... = 33.14 m? and V; = 130 m%. 

Answer: Q/R = 3.82 x 10° kJ/(m?-hr), Q/V; = 0.97 x 
10° kJ/(m?-hr). 

5.30. Find the surface area of a grating intended for bur- 
ning B = 7300 kg/hr of fuel, if QJ’ = 12 000 kJ/kg, and the 
admissible heat liberated by fuel per unit firebed surface 
per hour is Q/R = 3.35 x 10° kJ/(m?-hr). 

Answer: R = 26.2 m?. 


6. Boiler Units 


6.1. Heat Balance and Efficiency of a Boiler 
Unit and Fuel Rate 


6.1.1. Definitions 


If we assume that the amount of heat supplied to the fur- 
nace of a boiler is equal to the heat of combustion of one 
kilogram of fuel, the heat balance equation for the boiler 
can be written in the following form: 


QT =Q+ D Orosss (6.1) 


where Q}" is the lower heat value of the fuel, kJ/kg, Q, is the 
useful heat (for generating steam), kJ/kg, and 3} Qioss is the 
sum of all heat losses in the boiler, kJ/kg: 


» Qioss = Q2-+ Qs + Q,+ Qs; (6.2) 


where Q, is the heat loss due to entraining by flue gas, 
kJ/kg, Q, is the loss of heat due to the chemical incomple- 
teness of fuel combustion, kJ/kg, Q, is the heat lost due to 
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mechanical incompleteness of combustion, kJ/kg, and Q, is 
the heat lost to the surroundings, kJ/kg. 

Heat losses can be referred to the heat of burnt fuel in 
per cent. Then 


100 = 4+ dai0ss» (6.3) 
> Moss = V2 + 93 + G+ G5» (6.4) 
where 
= 100, g,=-22-100, g,=-22- 100 
YN ow 92 Qw ’ 93 gw ’ 
= 100, g5= 7 400. (6.5) 
1 1 


The heat of fuel utilized in a boiler can be calculated in 
two ways: 

(4) as the difference between the heat liberated during 
combustion of fuel and the sum of all heat losses: 


Q,= QT — D Qross: (6.6) 
(2) from the heat balance equation 
BQ, = D (is — it.w.)s (6.7) 
whence 
D (ig—it.w. 
= A Misr tw) i (6.8) 


where 8B is the fuel rate, kg/hr, D is the amount of genera- 
ted steam, kg/hr, i, is the enthalpy of steam, kJ/kg, and 
it.w. is the enthalpy of feed water, kJ/kg. 

The efficiency py.u. of a boiler unit in per cent can be 
represented as the ratio of the utilized heat to the lower heat 
value of fuel: 

Nh.u. = 2 100. (6.9) 


Ww 
1 


Alternately, it can be obtained from the heat balance equa- 
tion: 


Nb.u. = %1 = 100— > Toss: (6.10) 


If the steam generating capacity D of a boiler is known, 
as well as the parameters of steam and feed water, the 
efficiency of the boiler unit can be determined from the 
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following expression: 


Yp.w. = a 100%. (6.41) 


The waste gas heat losses are determined as the difference 
between the enthalpy of waste gas and the enthalpy of air 
involved in combustion and leaked through the setting: 


Q2=(Vw.g.Cetwie.—%w.e.V Carta) (1— 4s), (6.12) 


where Vy.g, is the volume of waste gas at the exit of the 
last gas duct, m*/kg, cg is the average heat capacity of the 
gas per unit volume for ty,.,,, kJ/(m*-K), ty.¢, is the tem- 
perature of waste gas behind the boiler unit, °C, ay, is 
the excess air coefficient behind the boiler, V; is the theoret- 
ical amount of air required for burning one kilogram of 
fuel, m*/kg c,,; is the average heat capacity of air per unit 
volume for ¢g;;, kJ/(m’-K), tg;, is the temperature of air 
in the boiler room, °C. 

The heat loss due to chemical incompleteness of com- 
bustion of fuel, kJ/kg, is calculated as follows: 

_ wo 
Q, = 237 K = R20, 400 ' 

where K™ is, the reduced carbon content in the fuel, calcula- 
ted from (5.19), %, CO is the content of carbon monoxide 
in the waste gas, %, and RO, is the content of CO, + SO, 
in the waste gas, %. 

The heat Q, lost due to mechanically incomplete combus- 
tion caused by incomplete burning of individual particles 
of the fuel in the furnace is given by 


Q = Q) + + QB, (6.14) 


where Qs! is the slag loss, kJ/kg, Qf is the fall-through loss, 
kJ/kg, and Q¢ is the carry-over loss, kJ/kg. 

The heat losses to the surroundings, Q,, appear as a re- 
sult of heat transfer from the outer surface of the setting and 
metallic parts of the boiler unit, which have a temperature 
higher than that of the surroundings. 

In calculations, heat loss Q,, kJ/kg, is taken in accord- 
ance with standards. In testing boiler units, the heat lost 
to the surroundings is calculated from the heat-balance 


equation: 
Qs = QT — Qi + Q2 + Qs + A). (6.15) 


(6.13) 
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The fuel rate can be calculated from the following for- 
mula: 


D (is—it.w.) 
B=—S—_—. 6.16 
QP nb.u. ( ) 
The ratio of the amount of steam generated per hour in 
a boiler to the fuel rate is calledj the steam generated/fuel 
burnt ratio of the fuel, kg of steam per kilogram of fuel: 


et Dhr 
A=zr. (6.17) 


Knowing Q; and np,y., the steam generated/fuel burnt 
ratio is calculated as follows: 


a OY nb.u. 
A= [area (6.18) 
6.1.2. Problems 


6.1. Write the heat balance equation and calculate the 
efficiency and the fuel rate for a boiler unit having the 
following parameters: 


Steam-generating capeolty, $8 No Dy; = 240 t/hr 
Steam pressure in the boiler cylinder pp=100 kgf/cm? 
Temperature of superheated steam... tg=510°C 
Temperature of feed water ..... trw. = 215 °C 
Fuel TINIM of Donetsk deposit with 

the low heat value Qj’ = 15 300 kJ/kg 

is burnt in. the form of dust ina 

chamber furnace 
The theoretical amount of air required 

for burning one kilogram of fuel . V,=4.15 m3/kg 
The excess air coefficient behind the 

last gas duct 


eo 8 © oe ew ow we tw Qw.g. = 4.39 
The volume of waste gas behind the 

last gas duct. .......... Vw.g.=6.06 m3/kg 
Temperature of waste gas ...... tw.g. = 160°C 


Average heat capacity per unit vol- 

ume of combustion products at tyw.g. ¢g=41.415 kJ/(m3-K) 
Temperature of air in the boiler room  taip=30°C 
Heat capacity per unit volume of air cayp= 1.297 kJ/(m3-K) 
Heat lost due to chemical incomplete- 


ness of combustion ........ 93 = 0.5% 
Heat lost due to mechanical incom- 
pleteness of combustion ...... Ws = 2.5% 
Heat lost to the surroundings ....° 9,;=0.5% 
11-0391 
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Solution: Let us write the heat balance equation for the 
boiler: 
100 = 4 + 92 + 93 + % + %- 


The heat loss due to carry-over by waste gas (taking 
into account gq) is 


Vw.g.egtw.g.—%w.g.Vtcairtair 


= we aa %) = oF 
_ 6.06 x 1.415 x 160 —1.39 x 4.15 x 1.297 x 30 
x nie See = a 


xX (100 — 2.5) = 7.2%. 
The utilized heat of fuel (boiler efficiency) is given by 
g1 = 100 — 9} qoss = 100 — (92+ 93+ 9% + 95) 
= 100 —(7.2+ 0.5-+ 2.5 +0.5) = 80.3%. 
Let us calculate the components of the heat balance 


equation: 


Ww 
HQ ___89.3 x 15000 _ 43 669 kJ/kg, 


=F = 100 

ae et = 1215500 _ 1105 kJ/kg, 
Go 0 6: 5 kJ/key 
Oy AGL = 25x OO 09 i Tig, 


Ww 
0,= 952} _ 0.5 x 15 000 =76.5 kI/kg. 


We can verify the correctness of the heat balance equation: 
QT = Q, 4+ Q2t+ Qs +Q + Qs = 13 660 + 1105 
+ 76.5 + 382 + 76.5 = 15 300 kJ/kg, 


% +42 +43 + % +95 = 89.3 + 7.2 + 0.5 + 2.5 
+ 0.5 = 100%. 


The efficiency of the boiler unit is 
Nou = % = 89.3%. 
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The fuel rate per hour is 


_ Phx (is—it.w.) __ 230.000 (3400 — 923) x 100 __ 
oe 7 a 15 300 X 89.3 = 41700 kg/hr. 


6.2. Using the conditions of, Problem 6.1, calculate the 
heat loss due to carry-over by waste gas if its temperature 
tw.g. increases to 200 °C. 

Answer: dz = 9.5%. 

6.3. Using the conditions of Problem 6.1, calculate 
the design fuel rate, taking into account the correction 
(14 — g,/100) for mechanical incompleteness of combustion. 

Answer: Bg = 40 700 kg/hr. 

6.4. Calculate the total heat losses per hour of operation 
of a boiler unit with the steam generating capacity D = 
640 t/hr, if the efficiency of the boiler unit np. 
91.2%. The lower heat value of the fuel is 13 500 kiike, 
the fuel rate is 166 t/hr. 

Answer: >\Qtoss = 197.208 MJ/hr. 

6.5. Using the conditions of Problem 6.4, calculate the 
fuel rate per hour, required for compensating the total heat 
losses of the boiler unit. 

Answer: Bios; = 14.608 t/hr. 

6.6. Find the heat lost due to carry-over by waste gas 
for a boiler unit with the following parameters: 


Heat of combustion of fuel ..... QY = 33000 kJ/kg 
The theoretical volume of required air V_=9.32 m3/m3 
Excess air coefficient ........ Qw.g. = 1.28 
Volume of waste gas ........ Vw.g.=13.41 m3/m$ 
Temperature of waste gas ..... tw.g. = 190°C 
Heat capacity per unit volume of gas 

Ab twigs ha. eck ele wires eS en aE 365 kJ/(m3-K) 
Temperature of air. ........ = 30°C 


ta 
Heat capacity per unit volume of air feet of kJ/(m3-K) 


Answer: qz = 10%. 

6.7. According to the results of analysis of waste gas, 
the content of CO in it is 0.53%, while the content of tri- 
atomic gases RO, = 10.53%. Calculate the heat lost due to 
chemical incompleteness of burning, if Q)” = 26 000 kJ/kg, 
the carbon content in the fuel CY = 72.47% and _ the 
sulphur content S¥ = 1.54%. 


Solution. In accordance with (5.20), the reduced amount 
of carbon in the fuel is 


KY = C¥ + 0.375S¥ = 72.47 + 0.375 x 1.54 = 73%. 
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Then, using (6.13), we get 
0.53 


ce 7 100 = 7 100 = 3.19%. 


6.8. Calculate the heat losses due to mechanical incom- 
pleteness of combustion, if the test data are as follows: 


Slag losses... 1.11 2s ee eee QH = 125 kJ/kg 
Fall-through losses... 2... 20. Qf = 200 kJ/kg 
Carry-over losses, ....0200 Qf = 150 kI/kg 
Heat of combustion of fuel ..... Qy’ =25 000 kJ/kg 


Answer: gq = 1.9%. 

6.9. Calculate the heat lost to the surroundings if g, = 
6%, gg = 0.5%, & = 2.0%, Nhu, = 90.5%. 

Answer: qs = 1%. 

6.10. The heat loss to the surroundingsg, = 1%; the lower 
heat value of fuel Q}’ = 22 000 kJ/kg. Calculate heat lost 
to the surroundings during one hour operation of boiler, if 
the fuel rate B = 10 t/hr. 

Answer: Q, = 2.2 GJ/hr. 

6.11. Calculate the fuel rate for the boiler TII-93 with 
the steam generating capacity D = 500 t/hr for the steam 
pressure py = 140 kgf/cm* and temperature t,=570°C, 
if the temperature of feed water ¢;,y, = 230°C and the boiler 
efficiency np.u, = 92.8%. The heat of combustion of the 
fuel Q}’ = 19 500 kJ/kg. 

Answer: B = 167 t/br. 

6.12. Calculate the rate of a gaseous fuel in a boiler unit 
with the following parameters: 


Steam generating capacity per hour D=15 t/hr 
Heat expenditures for obtaining one 


kilogram of steam ........ ig—it,.w.=2380 kJ/kg 
Lower value heat of fuel. ..... Qy’ = 35 800 kI/m* 
Efficiency of boiler unit ...... Nb.u. = 90.7%. 


Answer: B = 1100 m°*/hr. 

6.13. Calculate the fuel rate for a boiler unit with the 
same parameters as in Problem 6.12, if its efficiency is 85%. 

Answer: B= 1175 m°/hr. 
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6.14. Find the change in the fuel rate after the recon- 
struction of boilers if their efficiency is increased from 0.83 
to 0.86, while the quality of the fuel, the capacity of the 
boiler unit and the parameters of steam remain the same. 

Answer: The fuel rate is degreased by 3.5%. 

6.15. The district heat supply from local boiler units 
requires 50 x 10° tons of a fuel per year. Find the economy 
in the annual fuel consumption (in tons) due to a transition 
to central heat supply, if the weight-average efficiency of 
a boiler unit has increased from ny; = 0.65 to yn, = 0.85, 
while the heat demand remained the same. 

Answer: AB = 11.75 x 10° t. 

6.16. The amount of fuel B = 1300 kg/hr with the lower 
heat value Q; = 15500 kJ/kg is burnt in the furnace of 
a boiler having the steam generating capacity D = 6.5 t/hr. 
The steam pressure p, = 14 kgf/cm? for the temperature 

= 300°C. The temperature of feed water t;.~,=104°C 
Calculate the efficiency of the boiler unit. 

Answer: Yp.u. = 84%. 

6.17. Calculate the steam generated/fuel burnt ratio of 
a fuel whose lower heat value Qj’ = 12 000 kJ/kg, if the 
enthalpy of steam i, = 3040 kJ/kg, the temperature of feed 
water bw 80°C, and the efficiency of the boiler unit 
Nb.u. = 0.87. 

Solution. The steam generated/fuel burnt ratio of a fuel 
is determined by the formula 


Ww 
Aves Q] Nb.u. = 42 000 x 0.87 = 3.96 kg/kg. 


The average specific heat of water can be taken at cy = 
4.19 kI/(kg-K). Then the enthalpy of the feed water is 


itw. = teow.crw, = 80 X 4.19 kI/kg. 


6.18. Using the conditions of Problem 6.17, calculate the 


steam generated/fuel burnt ratio of a fuel if Qj’ = 29.3 MJ/kg. 

Answer: A = 9.45 kg/kg.! 

6.19. Calculate the fuel rate of a boiler unit with the 
steam generating capacity D = 20 t/hr, if the steam gen- 
erated/fuel burnt ratio of the fuel A = 8 kg/kg. 

Answer: B = 2500 kg/hr. 
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7. Heat Utilizing Systems 


7.1. Heat Exchangers 
7.1.1. Definitions 


The heat balance equation for a heat exchanger has the form 
Q = mep,(t, — tf) = mecp, (ty — ty), (7.1) 


where m, and m, are the mass flow rates of heat-transfer 
agents, kg/s, cp, and cp, are the average specific heats at 
constant pressure for heat-transfer agents, J/(kg-K), t; 
and t;, t, and ¢; are the temperatures of the first and second 
heat-transfer agents at the inlet and outlet respectively, 
°C, and mcp = W is the water equivalent of the heat-trans- 
fer agent, J/K. 


It follows from the heat balance equation that 
Hie dW 
t—t, W,° 
The amount of heat transferred from one heat-transfer 


agent to another through the surface between them per unit 
time is given by 


Q = kAtF, (7.2) 


where k is the overall heat-transfer coefficient, W/(m?-K), 
At is the average temperature drop across the apparatus 
surface, °C, and F is the rated surface of the heat ex- 
changer, m?. 

The temperature drop is calculated by the formula 


At = Aimax—Atmin_ (7.3) 
max 
2.3 as 
where At,,x is the maximum temperature difference for the 
heat-transfer agents in a heat exchanger, and At 4, is*the 


minimum temperature difference for them. 
For a co-current flow of heat-transfer agents, we have 


Atmas = t—t: Atnin = — ff 
For the counter-current flow, if (mc,);< (mcp)2, we get 
Mio Sane Ata yt 
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The final temperatures of the heat-transfer agents are 
calculated by the formulas 


2 ¥ Q ” " Q 
are ee 2a) h=-ht+wW: 


The mass flow rates of heat-fransfer agents, m, and mg, 
for heat-exchangers without a transition between states of the 
heat-transfer agents are determined from (7.1). For heat 
exchangers involving a transition between states of one of 
the heat-transfer agents, e. g. the condensation of heating 
steam, the steam mass flow rate is given by 


M2C po (tg — te) 


m,= = 
5 i; — icon 


y (7.4) 
where i, and i,9, are respectively the enthalpy of steam at 
the entrance of the heat-exchanger and the enthalpy of con- 
densate at the exist, kJ/kg. 

The recuperative heat exchangers are calculated on the 
basis of average temperatures of a heat-transfer agent and 
the average heat-transfer coefficient k, for a cycle consisting 
of the heating period t, and the cooling period t, for a 
packing. The duration of a cycle t = 1, + ta. The average 
value of the rated heat-transfer coefficient for a cycle, 
W/(m?-cycle-K), can be approximately calculated from 
the formula 


0. 
ke=—7—=$ =, (7.5) 


47 AgTs 
where a, and a, are the heat-transfer coefficients for the 


heating and cooling periods respectively, W/(m?-K), and 7, 
and t, are the durations of these periods in a cycle, s. 


7.1.2. Problems 


7.1. Oil in the counter-current water oil cooler of an inter- 
nal combustion engine is cooled from 65 to 55°C. The inlet 
and outlet temperatures of cooling water are 16 and 25°C 
respectively. The oil mass flow rate is 0.8 kg/s. Determine 
the required heat-transfer surface of the coolant and the 
water flow‘rate, if the heat-transfer coefficientlisl280;W/(m?- K). 
The specific heat of oil is 2.45 kJ/(kg-K). 

Solution. The heat transferred during one second is 


Q = myecp,At = 0.8-2.45 (65—55) = 19.6 kW. 
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The temperature drop is given by 
At= Atmax— Atmin = (65 — 25) — (55 — 16) —39.5 


Atmax 65 — 25 
pe a 2.35546 
The required surface of the coolant is calculated as follows: 
ro? SO lt 77 ae. 


kAt 280 39.5 
The mass flow rate of cooling water is 


_ @ 19600 
Ma =a = LAO Xe = 0,52 kg/s. 

7.2. A motor engine radiator transfers 40 kJ/s of heat 
from cooling water to the surroundings. The average temper- 
ature of water in the radiator is 87 °C, while the temperature 
of cooling air is 37°C. The area of heat-release surface of 
the radiator is 5 m?. Calculate the overall heat-transfer 
coefficient. 

Answer: k = 160 W/(m?-K). 

7.3. In the air heater of a steam boiler with a cross air 
flow, air is heated from 23 to 250 °C, while flue gas is cooled 
from 420 to 180°C. Calculate the heat transferred and the 
area of the heating surface, if the overall heat-transfer 
‘coefficient is 21 W/(m?-K), and the flow rate of blast air 
under the pressure of 0.1 MPa is 60 000 m*/hr. The correction 
factor to the temperature drop calculated by the formula 
for counter-current flow can be assumed equal to 0.93. 

Answer: Q = 4470 kW, F = 1380 m?. 

7.4. Water with the mass flow rate of 1.5 kg/s is heated 
from t, = 30°C to t, = 100 °C in steel pipes of a steam- 
water shell-and-tube heater. Condensing steam flowing past 
the steel pipes is under the pressure of 0.4 MPa. The inner 
diameter of the pipes is 19 mm, the thickness of the walls 
is 1.5 mm. Determine the flow rate of condensing steam and 
the total length of the pipes if the water-side heat-transfer 
coefficient is 3000 W/(m?-K) and the steam-side counterpart 
is 6000 W/(m?-K). The thermal conductivity of steel is 
56 W/(m-K). 

Answer: 710 kg/hr, 356 m. 

7.5. Determine the area of the heating surface of a regen- 
erative heat exchanger of an industrial furnace in which 
air is heated by flue gas from taiy = 20 °C to tay = 1000 °C. 
The temperature of the gas at the regenerator inlet t; = 
1450 °C. The duration of flow of gas and air is: tg = 
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Tair = 0.5 hr. The heat-transfer coefficients from flue 
gas to the packing a, (taking into account flue gas radiation) 
and from the packing to air a,;, are 65 W/(m?-K) and 
10 W/(m?-K) respectively. The mass flow rate is 4 kg/s for 
air and 1.07 kg/s for gas. The specific heats for gas and air 
should be determined with thé help of formulas for air, 
taking temperature into consideration. 

Solution. The heat received by air in the regenerator 


Qatr = Mary (Cairtair — Cairtair) = 1 (1.19 x 1000 
— 1.0 x 20) = 1170 kJ/s. 
The specific heats cai;y and cay, are calculated from the 


formula for the true specific heat, given in Table 2.2, 
The heat supplied to the regenerator by the gas is 


Qg = Mmgtgt, = 1.07 x 1.28 x 1450 = 1986 kIJ/s. 
The heat removed from the regenerator by the gas is 
Qe = 0.8502 — Qair = 0.85 x 1985 — 1170 = 515 kJ/s. 


We calculate the temperature of the gas at the regenerator 
outlet. Assume tentatively that t; = 450°C and find that 
cg = 1.08 kJ/(kg-K). This gives 


ie Qe BAB é 
tg "ges 1.07 K 1.08 = 445.6 °C. 


The average temperatures of the gas and air are 


— te, 
7 a z ‘pos —947.8°C 
5 see ale = F100 = 510 °C, 
The arithmetic mean temperature drop is 
At = ty — tap = 947.8 — 510 = 437.8 °C. 
The overall heat-transfer coefficient averaged over a cy- 
cle is 


0.8 _ 0.8 
ke= 1 > 1 1 


GgT, + QairTa 65 x 1800 + 10 x 1800 
= 14,18 kJ/(m2-K), 
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The heat transferred in the regenerator is 


Qr = Qair + Qloss = 1470 + 0.15 x 1986 = 1468 kJ/s. 
The rated surface area of the regenerator is given by 


Qt 1468 x 1800 
P= TOM TEA x4378 = 425.64 m?. 

7.6. Air is heated in a regenerator by flue gas from 
tair = 100°C to tyr = 1100 °C. The gas temperature at the 
regenerator inlet t, = 1400 °C. The duration of flow of gas 
and air is t, = tg = 0.5 hr. The average values of the gas- 
side and air-side heat-transfer coefficients are ag = 
55 W/(m?-K) and ai; = 16 W/(m?-K). Determine the 
air mass flow rate per hour, if the area of the heat-exchange 
surface in the regenerator is 800 m?. 

Answer: 2364.2 kg/hr. 


7.2. Evaporator Systems 
7.2.1. Definitions 


Evaporator systems are used for increasing the concentration 
of a solution by the thermal method. During boiling, solvent 
vapour is removed from the solution. and thus the solute 
concentration in the remaining solution increases. 


£&} fe Fs &g : 


Dt olLoleleolem 


1 2 g 4 
Fig. 7.1 


Evaporation may be carried out in a single unit or in 
a multi-unit system. Most multi-unit evaporator systems 
operate with a co-current flow (Fig. 7.1), when liquid solu- 
tion (being evaporated) and heating steam are fed to the 
main unit of the evaporator system. When solutions with 
a large temperature depression are evaporated, counter- 
current flows are used in the system. In this case, heating 
steam is fed to the first unit in a row, while liquid solution 
is fed to the last unit and flows from unit to unit towards 
the first unit. 

The amounts of evaporated water and concentrated solu- 
tion are calculated from the balance equation for dry sub- 
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stances. If we denote the initial amount of the solution by C,,, 
kg, the content of dry substances in the solution by bin, %, 
the amount of evaporated water by G, kg, the final amount 
of the solution after evaporation by Gay, kg, and the con- 
tent of dry substances in the final product by ban, %, we 
can write 


Gindin Pa Gan Onn 


100 ~ 400 8 (7.6) 
from which it follows that 
Gan bin bin 
Gin age and Gan= Gin ie (7.7) 
Since Gan =Gi,n—G, we get Gi, —G= Gy Pn and 
fin 
_ bin \ ban—Ddin 
C= Gy (1—F") =Gin (——"). (7.8) 


The amount of evaporated water per kilogram of theso- 
lution having the initial concentration g, measured in 
kilograms of water per kilogram of solution, is 


ae ban — bin —1 a2 Bin (7.9) 
bin bin 


The solution concentration in a unit is determined by the 
formula 
bose Pint i 
, ” Gin—(G,+6,+63+...+Gn) J 
Gin— >) G1 
i=1 


where G,, Gz, G3, ..., G, are the amounts of water in the 
1st, 2nd, 3rd, ..., mth units. 

The specific heat c, of water solution, %, is calculated 
by the formula 


(7.10) 


Cy = Sab ten WO) | (7.44) 


where cq is the specific heat of the dry substance, kJ/(kg-K), 
Cw is the specific heat of water, kJ/(kg-K), and b is the 
content of dry substance in the solution, %. 

Thermal analysis of evaporator systems are carried out by 
using the heat-balance equations and heat-transfer equations 
given in Secs. 3 and 7. Sometimes the heating surfaces of 
individual units of an evaporator system can be determined 
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from the heat flux per unit area of the heating surface, 
gr = kAt, kJ/(m?-s): 


fos, (7.12) 


where Q; is the heat flux per unit area of the ith unit, kJ/s. 
If the mass U; of water evaporated from one square metre 
of heating surface of the ith unit per second is known, we have 
G 
Pi=Z, (7.13) 
where G; is the amount of evaporated water, kg/s. 

If we assume that there are no heat losses or self-evapora- 
tion in the system, the amount of water evaporated in the 
units of an evaporator system can be calculated by the 
following formulas: 


6G, = Dy: (7.44) 


It follows from this expression that one kilogram of water 
is evaporated at the expense of one kilogram of heating 
steam fed to a unit. 

For the first unit, we have 


dD, = Gy. (7.15) 
For a system without extra vapour removal, we get 
G,=G,=6,=4, (7.16) 


If the amount of extra vapour removed from the units is 
given by E,, E,, E3,..., E,, then 


Gnt1 = Gy — En. (7.17) 
The amount of water evaporated in the first unit is 


—2 


n 


Gp yr eee ke TAS) 


n 


The amount of water evaporated in the next units, start- 
ing from the second one, is determined from (7.17). 
For the last unit, we have 


G, =£_4 7, 25,1. Ret Be jo (749) 


n n 


For evaporating systems operating under rarefaction, 
E, = 0, and the amount of water G, is delivered to a con- 
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denser! 
Ge = Digs (7.20) 
If the solution is fed to an evaporating system at a tem- 
perature ¢ below the boiling point ¢, in the first unit, the 


steam flow rate is determined from 
the formula 


Dy=G,+ 


olf 
MNsecslsec 


Gis? (t,t), (7.24) 
where r is the latent heat of evap- 
oration, kJ/kg. 

Sometimes a distillate obtained 
in evaporators whose operation 
principle strongly resembles that 
of evaporator systems is fused in 
electric power plants as feed water 
for high-pressure boilers, In thermal 
power plants, evaporators can be 
used as evaporative feed water preheaters. In such 
systems, the secondary steam is delivered to the consumers 
of heat energy of the district. The utilization of evaporative 
feed water preheaters makes it possible to reduce the conden- 
sate losses of heating steam in thermal power plants. The pri- 
mary steam in this case is the steam extracted from a turbine- 

The main objective of the thermal analysis of an evapo. 
rator system is the determination of the required flow rate 
of heating steam for a given steam generating capacity. 
The formula for calculating the amount of distillate which 
can be obtained from one kilogram of heating steam is 
derived from the heat-balance equation for the evaporator 
shown in Fig. 7.2: 


: 4 
Drwrlt tw, Di prs tt pr 


Sf 


Dses “1 sec 


Fig. 7.2. 


(Dipr iipr —D, clipr) Nev = Dy tw. (it see — 1 tw.) 


+ dD, eec (it sec ~— ij sec)» (7.22) 
where Dip, Disec, Dic, Dit.w. are the mass rates 


of the primary and secondary steam, condensate and 
feed water respectively, kg/hr, i, ¢.y, is the enthalpy of feed 
water, kJ/kg, i; py and i se are the enthalpies of condensate 
of the primary and secondary steam (at the saturation tem- 
perature of the secondary steam), kJ/kg, ij p, and i% sec 
are the enthalpies of the primary and secondary steam, 
kJ/kg, and ney is the efficiency of the evaporator. 

For a parallel feed of evaporators with water, the amount 
of secondary steam formed per kilogram of the primary 
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steam in the nth stage of the evaporator is calculated by 
the formula 


X, =Dewe x ,——__¢n pr inp) ney 
a = . Ma if P os : 
oe nau tasde (At og (in seo— it-w)) 
(7.23) 


where P,, is the percent of scavenging of the nth stage of the 
evaporator. 


For the series feed of evaporators with water, we have 


X,=Xart npr Tine) Mev . (7.24) 


u 


” oy P y “j 
msec” nsec ( 4 +72) (in 4) sec 7 in sec) 
Consequently, if all secondary steam from the superposi- 


tion stage is fed to the heating section of the evaporator of 
the next stage, the total output of the system is given by 


i=n 


Dunit = 2 XD, pr (7.25) 


where n is the number of stages. 


7.2.2. Problems 


7.7. The amount of the endproduct (malt-residue) passing 
through an evaporator system per day is 150 t. Calculate 
the amount of water which should be evaporated in order 
to increase the concentration of the solution from 6 to 15% 
and the yield of malt-residue concentrated by evaporation. 

Solution. The amount of water that should be evaporated 
is calculated by the formula 


Gey = Gin (4 — ) =150 x 10° (4 — 5) =90 10° kg/day. 


bin 

bain 

The yield of malt-residue concentrated by evaporation is 
Gan = (150 — 90) x 10° = 60 x 10° t/day. 


7.8. 2500 kg of solution with the initial concentration 
of 0.05 kg/kg at a temperature of 20 °C are fed to a batch 
evaporator system. Determine the amount of heat and heat- 
ing steam under the pressure of 2 kgf/cm? required for 
heating and evaporating the solution in order to increase 
its concentration to 0.5 kg/kg. The initial specific heat of 
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the solution is 3.9 kJ/(kg-°C). The initial temperature of 
boiling is 55 °C. The density of the solution at the beginning 
and end of evaporation is 1040 and 1225 kg/m? respectively. 
The level of the solution in the apparatus is maintained 
constant during evaporation. 

Solution. Let us determine the volume of the solution 
at the beginning of evaporation. Since the level of the 
solution is maintained constant, we have 


(el ey 
Po Pi’ 
whence 
2500 _ , 
V= Tn =2-47m . 


The amount of heat required for heating the solution to 
boiling is 
Q, = Gye, (t; —to) = 2500 x 3.9 (55—20) = 341.25 x 10° kJ. 
The amount of steam required for this purpose is 


Ot 84.25 109 
P= teen 2106—500.74 — 1-11 Ke. 


The amount of heat needed for evaporating the solution is 
ii —TI . 
Q2=V [ AF (202 — 2101) — i (02— pr) + (Pal2— ers) | 


2600 — 210 
= 2.47 [TE (0.5 x 1225 —0.05 x 1010) 


— 2600 (1225 — 1010) + (1225 x 322— 1010 x 240) | 


= 65.18 x 10°kJ. 
The amount of heating steam required for that is 


Qs 65K 108 
Da = FO icon = Bio0— B00. — 29.82 x 10° kg. 


The total heat consumption is given by 
Q@=Q, + QO. = 341.25 x 108 + 65.18 x 108 
= 65.52 x 108J. 
The total steam consumption is determined as follows: 
D=D,+ D, = 155.14 + 29.62 x 108 = 29.77 x 10% kg. 
7.9. Calculate the total amount of evaporated water, the 
steam flow rate and the capacities of individual units of 
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afour-unit system operating in accordance with the diagram 
shown in Fig. 7.1, if 6000 kg of solution is delivered per 
hour for evaporation. The initial concentration of the solu- 
tion is 15%, the final concentration is 65%, and the amount 
of vapour extracted from individual unitsis 2, = 1000 kg/hr, 
E, = 400 kg/hr, E, = 600 kg/hr and £, = 200 kg/hr. 

Solution. We calculate the total amount of water evap- 
orated in the system by (7.8): 


G=G,, (1717) = 6000 (1-3) — 4620 kg/hr. 


The steam mass flow rate in the evaporator system can be 
found with the help of formulas (7.10) and (7.13): 


—2 RB, -- n—3 


Dy=G=24 a= E,+— 5 
A 4310004 4 400-+ + 600 


n Es 
__ 4620 
—~ 4 


= 1155 + 750 + 200 + 150 = 2255 kg/hr. 


7.45} can calculate the capacities of individual units by 
(7.12): 


G, = 2255 kg/hr, G, = G, — FE, = 2255—1000 
= 1255 kg/hr, 
Gs = G, — E, = 1255—400 = 855 kg/hr, 
G, = G, — E, = 855—600 = 255 kg/hr. 
We can check the result: 
G = 2255 + 1255 + 855 + 255 = 4620 kg/hr. 


The steam losses in a condenser can be calculated as 
follows: 


Deon = Gy — Ey = 255—200 = 55 kg/hr. 
7.10. Determine the capacities of individual units of 
a four-unit evaporator system, if we know that 
Gin = 7200 kg/hr, by, = 15%, bein = 65%, 
E, = 1200 kg/hr, E, = 640 kg/hr, Z, = 720 kg/hr, 
E, = 240 kg/hr. 
Answer: G, = 2700 kg/hr, G,= 1500 kg/hr, G; = 
1020 kg/hr, and G, = 300 kg/hr. 
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7.41. Using the conditions of Problem 7.4, calculate the 
amount of vapour delivered to the condenser. 

Answer: Deon = 60 kg/hr. 

7.12. The concentration of caustic soda in a three-unit 
evaporator system is increased from 10 to 50%. The ca- 
pacity of the dry-caustic shop is 5 t/hr. The amount of weak 
solution fed to the first unit is 50 t/hr. Heating is carried out 
with the help of saturated steam under the pressure of 
6 kgf/cm?. Weak solution in the first unit is heated from 
t, = 75°C to the boiling point t, = 140°C in a separate 
heat-exchanger. The specific heat of the weak solution 
c = 3.85 kJ/(kg-K). The heat losses to the surroundings 
amount to 3%. Calculate the amount of steam consumed 
in the weak-solution heater and the total consumption 
of steam. 

Answer: Dheat = 6.15 X 10? kg/hr, Dt = 19.48 x 
10® kg/hr. 

7.13. Using the conditions of Problem 7.12, calculate the 
area of the heating surface for each unit of an evaporator 
system and a heater, if the mass flow rate is 50 kg/(m?-hr) 
in the first unit, 30 kg/(m?-hr) in the second unit, and 
15 kg/(m?-hr) in the third. Assume that the heat-transfer 
coefficient for the heater is 7542 kJ/(m?-hr-K). 

Answer: F, = 267 m?, F, = 890 m*, F, = 445 m’, 
Freater = 40.4 m?. 

7.14. Calculate the mass flow rate of the primary steam 
for a two-stage evaporator system, if its capacity is 30 t/hr, 
the pressure of the primary (heating) steam is 3.2 kgf/cm? 
(the steam is saturated), the pressure of the secondary steam 
in the second stage is 1.2 kgf/cm?, the temperature of feed 
water is 102 °C and the blow-off amounts to 2%. Solve the 
problem for parallel and series feed by water. 

Solution. The temperature drop 


At = ty pr — te sec = 135.08—104.25 = 30.83 °C 


should be divided between the stages: 30.83/2 = 15.44 °C. 
Then the temperature of the secondary steam in the first 
stage will be 


th seo = 135.08—15.41 = 119.67 °C. 


The corresponding pressure is 


Pi sec = 2 kgf/cm’. 


12-0391 477 


In the case of the parallel feed, we obtain from (7.23) 
(2729.35 — 568.58) 0.97 


(2707.99 — 502.38) + (+45 ) (502.38 — 427.38) 


= 0.92 kg/kg. 
(2707.99 — 502.38) 0.97 


X,= 


he 
(2684.53 — 437.43) + (1+355) (437.43 — 427.38) 
= 0.87 kg/kg. 
The amount of the primary steam is given by 


30 000 


dD, pr 4 0,920.87 = 16 800 kg/hr. 


For the series feed of evaporator, we assume that the capac- 
ity of the second stage is 15 000 kg/hr and calculate the 
blow-off of the first stage: 


15 000 +.0.02 x 30 000 


Py= 15 000 


x 100 = 104%. 
Then 


x (2670.7 — 568.6) x 0.97 
4 = 


Fa (44 104 = 
(2708 — 502.38) + {4+ aT) (502.38 — 427.38) 
x.=08 (2708 — 502.38) x 0.97 

: (2684.53 — 437.43) + ( 4 — ) (502.38 — 437.43) 


= 0.875 kg/kg. 
The mass flow rate of heating steam for the series feed is 


30 000 

7.15. Calculate the mass flow rate of the primary steam ina 
single-stage evaporator system required for obtaining 1 t/hr of 
distillate. The pressure of the primary steam is 3.2 kgf/cm’, 
the pressure of the secondary steam is 2 kgf/cm?, the tem- 
perature of feed water is 15°C, the blow-off is 10%, and 
Nev = 0.98. 

Answer: D, py, = 1260 kg/hr. 

7.16. Determine the mass flow rate of the primary steam 
for obtaining 1 t/hr of distillate in a two-stage evaporator 
system with a parallel feed by water, if the pressure of the 


= 0.89 kg/kg, 


Di pp = 
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primary steam is 3.5 kgf/cem* (the steam is saturated), 
the pressure of the secondary steam is 1.2 kgf/cm?, the blow- 
off is 10%, ney = 0.98, and the temperature of feed water 
is 80 °C. 

Answer: Dy pr = 590 kg/hr. , 

7.17. The steam used for heat supply is obtained at a pres- 
sure of 8 kgf/cm? from an evaporative feed water preheater 
operating on the basis of industrial steam extraction from 
the turbine ITT-50-90/13. Determine 
the amount of the secondary steam 
that can be obtained for the rated 
load of the turbine and fully loaded 
extraction. The inlet temperature 
of feed water of the evaporative 
feed water preheater is 166 °C, its 
blow-off amounts to 5% ofthe sec- 
ondary steam yield. The efficiency 
of evaporative feed water preheater 
is 98%. The internal relative efficien- 
cy of the flow part of the turbine 
before extraction is 0.8 (Fig. 7.3). 

Solution: Using the specifications 
for the turbine ITT-50-90/13, we find ; 
that the inlet pressure is 90 kgf/cm?, Fig. 7.3 
the temperature is 535 °C, the pres- 
sure in the extraction stage is 13 kgf/cm?, the amount of 
extracted steam under the rated load and fully loaded extrac- 
tion is 140 t/hr. With the help of tables for water and steam 
and from the i-s diagram, we obtain 


i, = 3477.7 kJ/kg, t82" = 190.7 °C. 


The enthalpy of the condensate icon = ipr = 811.18 kJ/kg 
for p = 130.0 kgf/cm?. 
The enthalpy of steam during extraction is 


iextr = ty — (i, — ia extr) Nor = 3477.7 — (3477.7—2924.6) 
X 0.8 = 3035.5 kJ/kg. 
The enthalpy of the secondary steam is 
igee = 2770.42 kJ/kg. 
The enthalpy of the secondary steam condensate is 
igee = 718.16 kJ/kg. 


The enthalpy of water at the evaporative feed water pre- 
ater inlet is 


iw = 1 x 166 x 4.19 = 695.54 kJ/kg. 
Using (7.23), we find X and D,. 


D D 
X = sec bs 
Dp Dy 
(3035.2 — 811.18) x 0.98 
2770.42 — 718.46 + ( 4+ a) X (718.16 — 695.54) 


2179.53 
= 507g 1.04. 


D, = D,X = 140 x 10° x 1.04 = 145.6 x 108 t/hr. 


7.3. Distillation and Rectification Systems 


7.3.1. Definitions 


Distillation and_rectification are thermal methods of ob- 
taining pure products from liquid mixtures. Distillation is 
the process of heating a mixture with complete condensation 
of vapour of the boiling mixture, while rectification is a mul- 
tiple distillation involving partial condensation. Distilla- 
tion and rectification can be carried out in batch- or continu- 
ous-operation apparatus. 

The steam flow rate for continuous-operation rectification 
apparatus is calculated on the basis of the heat-balance equa- 
tion for the column: 


Qi+ Qat+ Os = Qs + Qs + Qe (7.26) 
where Q, is the heat supplied by theinitial mixture, kJ/s, Q, is 
the heat supplied by the heating steam, kJ/s, Q, is the heat 
supplied by the reflux, kJ/s, Q, is the heat removed by va- 
pour from the upper plate in the fractionating column, Q, 
is the heat removed from the still by the liquid waste, 
kJ/s, and Q, is the heat lost to the surroundings. 

From this equation we can find 


Qs = D (i — icon) = Qa t+ Os + Os — (Qi + Qs) = (7-27) 
and then the mass flow rate of the heating steam: 
D= Qa + Ost Qe— (Qi t Qs) : (7.28) 


t—icon 
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The individual components of the heat-balance equation 
for a column are determined as follows: 


Qn = Gr pt wr, (7.29) 
where Gp is the amount of mixjure delivered to the column, 


kg/s, cp is the specific heat of mixture, kJ/(kg-K), and t, is 
the temperature of mixture entering the column, °C; 


“Qs =D (i —— icon) (7.30) 
where D is the amount of heating steam, kg/s, i is its enthal- 


py, kJ/kg, and i,,, is the enthalpy of heating steam con- 
densate, kJ/kg; 


Q2=GaR (ca qe — Co SG) tas (7.31) 


where Gq is the flow rate of the distillate, kg/s, R is the 
amount of the reflux in kg/kg or mole/mole of distillate, 
c, and cy, are the specific heats of components A and B of 
the mixture, kJ/(kg-K), ag isthecontent of component A in 
the distillate, in percent by mass, and t, is the temperature 
of the distillate, °C; 

100 — ag ) 


Q= Gat +R) (rag tts ap 
+ (ca ay tes agp) ta] (7.32) 


where r, and rg, are the heats of evaporation of compo- 
nents A and B of the mixture, kJ/kg; 


Qs=Gy (ea qe ten SE) tes (7.33) 


where G,, is the amount of waste discharged from the still, 
kg/s, ay is the content of component A in the waste, percent 
by mass, t,, is the temperature of the still waste, °C, and Q, 
is estimated in percent of the total heat flow rate per col- 
umn. 

Thermal engineering analysis also includes the calculation 
of water consumption in a reflux condenser and a condenser. 
The expression for determining the water flow rate is obtain- 
ed from the heat-balance equation for the reflux condenser 


Orc. = Grew (4) =GaR (rata a (7.34) 
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and for the condenser, 


Qeon = Gatw (th — th) = Gal (ra fi +r, 105%) 


+ (ca fo, ten “MEM ) (44-14) ], (7.35) 


where t, and ¢; are the adi and final temperatures of 
water, °C, tq and #4 are the initial and final temperatures 
of the distillate in the condenser, °C, and cy is the specific 
heat of water, kJ/(kg-K). 


7.3.2. Problems 


7.18. Calculate the mass flow rate of saturated steam hav- 
ing the pressure of 4 kgf/cm?, required for separating the 
mixture of carbon bisulphide, CS,, and carbon tetrachloride, 
CCl,, in a continuously operating column, if the initial 
concentration of CS, is 30% and the final concentration 
is 90%. In the reflux condenser, vapour is fully condensed. 
The CS, content in the still waste amounts to 1%. The 
pressure in the upper part of the column is 760 mmHg. The 
apparatus capacity is 500 kg/hr of the final product. The 
heats of evaporation are r, = 350 kJ/kg for CS, and rz = 
194 kJ/kg for CCl,. The specific heats arec, = 1kJ/(kg-K) 
for CS, and cz = 0.837 kJ/(kg- K) for CCl,. The temperature 
ty of the mixture entering the column, should be assumed 
equal to its boiling point, i.e. 59°C, the temperature ty of 
the mixture leaving the column is 76°C and tg = 47 °C. 

Solution. We calculate the mass flow rate of the mixture 
entering the column: 


Gp = Gat Gyi Gpop = Gyay + Gada. 


Here Gy is the flow rate of raw mixture, kg/s, Gq is the 
flow rate of the final product (distillate), kg/s, Gy is the 
flow rate of the still waste, kg/s, ay, ag and dw are the con- 
tents of CS, (component A) in liquid, percent by mass. 

By the conditions of the problem, ay = 30%, aq = 90%, 
and ay = ae This gives 


Gp= ae and 30Gr= 0 aay LU pe 


whence 
Gy = 0.426 kg/s Gy = 0.288 kg/s. 


182 


Now we calculate 


Q, = Gpepty = 0.426 x 0.88 x 59 = 22.1 kI/s, 
where ° 
Cp=Cy ta tes ee 
= 1.0% 40,83 CO —®) _ 0.884 (kg-K), 
Q,=D(i— ae = D (2740 —598), 
Q=GaR (Ca qoy tena) fa 


100 
500 100 —90 : 
= Fao X 2-24 (1.0 x 2 + 0.887 x _ )47=14.3 kJ/s, 
Q=Ga(t1+R)[ (ra etre om 


+ (ea qo tee gag") ta |= gen (t+ 2.24) 
x [350 7 fy + 104 + (1.0 + 0.837 Me Oe) 47] 
=171.5kJ/s, 
Qs= Gy (Ca ag ten “SG) ty 


= 0.288. (1.0 aay +0. 837 as : ) +76 = 22.8 kJ/s. 


Let us find the steam flow rate: 


Dwr 1:05 [Qa + Cs—(Ai1+Os)] 
st i—icon 
4.05 [474.5 22.8 — (22.4 -++-14.3)] 
= 7 — 9-598, = 0.0755 kg/s, 


or D= 271.8 kg/hr. 


7.19. Under the condition of Problem 7.18, determine the 
mass flow rate of cooling water in the reflux condenser and 
condenser, if the temperature ¢; of water entering them 
is 10°C, the outlet temperature ¢{ of water for the reflux 
condenser and condenser is 30 °C. The temperature of mix- 
ture behind the reflux condenser tg = 47 °C. 
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Solution. The mass flow rate of cooling water in the reflux 
condenser is calculated by the formula 
aq 100—aqg 
GaR (ra toy t 72 ay) 
ew (t3—t2) 
500 100 —90 
300 2.24 (350 yy +198 “A aa =a) 
4.1868 (30 — 10) 


= 1.25 kg/s, 


where cy is the specific heat of water, kJ/(kg-K). Hence 
G, = 4500 kg/hr. 


The mass flow rate of cooling water in the condenser is 
calculated from the formula 


i oa [ (ra treat) +(¢ cA $8 cy Sota 74) (14 —t8) | 
ae cB (t3—te) 
a (350 Fo +194 00 ae = 
4.1868 (30 — om 
100 — 90 


Fano (4-9 qqy +0-837 


(47—20) 
af 2600 100) ] — 0.602 kg/s. 


4.1868 (30 — 10) 
The mass flow rate of water in the condenser is 
G, = 2160 kg/hr. 


7.4. Driers 
7.4.1. Definitions 


Driers are classified in accordance with their features, the 
most important from which are: 

the method of heat supply to the surface of the material 
(convective, radiative, high-frequency current heating, etc.); 

the mode of operation (periodic duty or continuous); 
- the type of a drying agent (air, flue gas, superheated 
steam, etc.); 

the nature of the circulation of a drying agent (natural 


or forced); 
the pressure in the working chamber (atmospheric, vac- 


uum, high vacuum-sublimation, etc.). 
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The moisture content of a material is determined in frac- 
tions or percent of the total mass w, or perfectly dry mass wq: 


W 100%, wa=—~ 100%, (7.36) 


w= 7 


where W is the moisture content in the material, kg, and mg 
is the mass of perfectly dry material, kg. 

The moisture content can be recalculated by the formulas 

Wo = Jr 1004-wa 100%, a=W owe 100%. (7.37) 

The intensity of evaporation of water from the free sur- 

face is 

Jey = sale = =. (ta.p. —tw.n.)» (7.38) 
where F is the surface area, m?, t is the time, s, a is the 
convective heat-transfer coefficient, W/(m?-K), r is the 
heat of evaporation, J/kg, and ty.», and tw,p, are the tem- 
peratures of the dry-bulb and wet-bulb thermometers re- 
spectively in the surrounding air, °C. 

The state of the air at the inlet of the working chamber of 
a drier without air recirculation is determined by the J-d 
diagram of the process of heating atmospheric air to a given 
temperature in a calorifer at d = const (Fig. 7.4, pro- 
cess AB). 

If a drying system operates with recirculation and the 
ratio of masses of atmospheric and¥ recirculating air is 
known, the state of the mixture is determined by solving 
the problem about mixing two masses of air with the 
parameters of the fresh air and recirculating air at the outlet 
of the working chamber. 

The actual state of air at the outlet of the working cham- 
ber (point C in Fig. 7.4) is determined as follows. 

The theoretical process BE of drying is plotted starting 
from point B to a given final humidity of air or to the outlet 
temperature. The position of point E determines the theore- 
tical value of the amount of water evaporated by one kilo- 
gram of air during the theoretical process: 


Ad, = dg —dy = dp — dy. (7.39) 


Then the resultant of the heat balance in the working 
chamber is calculated: 


Aq = daa — Mose» (7.40) 
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ing chamber in kilojoules per kilogram of evaporated water, 
and Qioss is the heat loss per unit mass due to heating the 


where Yaga is the additional heat supplied to air in the work- 
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Fig. 7.4 
in-process material, transportation and due to overall 


heat transfer through the enclosure of the working chamber, 
kJ/kg of evaporated substance, 
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Using the values of Aq and Ad;, the length of the auxi- 
liary segment J», is determined. This segment is laid off from 
point EZ upwards if Ag > 0 and downwards if Aq < 0: 

Aq Ad: 
ee (7.44) 

From point F we draw a straight line through the obtained 
point B to its intersection with the line of relative humi- 
dity or with the isotherm which correspond to the state 
of air at the working chamber exit. 

The actual amount of water evaporated from one cubic 


metre of air is 
Adac => dc ed dy. (7.42) 


The amount of air required for evaporating one kilogram 
of water is 


Jur= 


_ 1000 
= Agae 


(7.43) 


The required heat is determined from the formula 
qg= 1 (ig —ta) —Cwlm, (7.44) 


where cy = 4.49 is the specific heat of water, kJ/(kg-K), 
and t, is the temperature of the material entering the dry- 
ing chamber, °C. 


7.4.2. Problems 


7.20. Determine the intensity of evaporation of water 
from the surface of a material in the working chamber of 
a drier, if the parameters of air init are p = 750 mmHg and 
t = 75°C, and therelative humidity @ is 5%. The heat- 
transfer coefficient on the surface of the material is 
12 W/(m?-K). 

Solution. The heat of evaporationr = 2513.4 kJ/kg for the 
pressure of 750 mmHg. For the given parameters of air in 
the working chamber, the temperature of the wet-bulb ther- 
mometer ty.».=32 °C. The intensity of water evaporation is 
determined as follows: 


T= &(ta-b—tw.b) 4 12x 10% x (75 —32) 
as r 2513.4 


= 0.2053 x 10-3 = 0.739 kg/(m?- hr). 


7.21. Determine the heat-transfer coefficients from air 
to the surface of a material in a drying chamber for the 
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following parameters of air: p = 1 kgf/cm*, ¢ = 110°C, 
and d = 16 g/kg. The intensity of evaporation J.y = 
2 kg/(m?-hr). 

* Answer: 19.66 W/(m?-K). 

7.22. The temperature of air at the inlet of the working 
chamber of a drier fp = 100°C. At the chamber outlet, 
Ma = 85%. The parameters of the atmospheric air are as 
follows: t, = 20°C and op, = 60%. The temperature of 
the material entering the working chamber t, = 50 °C. 

Calculate the amount of air and the heat required for 
evaporating one kilogram of water without recirculation of 
air, if the heat losses in the working chamber~amount to 
1000 kJ per kilogram of evaporated water. 

Solution. Using the parameters of atmospheric air, we 
plot point A on the i-d diagram (Fig. 7.4). Then the heat- 
ing of the air to 100 °C in the calorifer will be depicted by 
segment AB of a straight line (the process d = const). The 
theoretical process of drying (i, = const) will be depicted 
by segment BE. From point E we draw the vertical ray 
downwards, since according to the conditions of the prob- 
lem, there are heat losses in the working chamber. We find 
the segment EF. The increase of the water content in air 
during the theoretical process of drying Ad, is 24.5 g/kg. 

Consequently, the segment Jp will be equal to 


PORNO 2x 57S Wy, 


Now we plot on the i-d diagram the point F, draw the ray 
BF and determine the actual state of the air at the outlet 
of the working chamber on the intersection of the ray with 


the line mg = 85%. 
The actual increase in the moisture content of air during 


drying is 
Adge = dg — dy = 26.6—8.6 = 18 g/kg. 
The amount of air required for evaporating one kilogram 
of water in the actual process of drying is given by 


p= — 100 = 55.55 ke/kg. 


= Mac = 
The amount of heat required for evaporating one kilo- 
gram of water is 
gq =1 (ig —ig) — 4.191, = 55.55(125—43) — 4.19 x 50 
= 4345.6 kJ/kg. 
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1.20% Compare the theoretical and actual consumption 
of heat and air for evaporating one kilogram of water in 
a drier, if the parameters of air at_the inlet_of the;calorifer 
are as follows: t4 = 15°C and d, = 6 g/kg. The tem pera- 
ture of air at the inlet of the working chamber t, = 90°C 
and the relative humidity at the*outlet of the chamber gy, 
is 80%. The heat lost in the actual process of drying Aq = 
750 kilojoules per kilogram of evaporated water. The 
physical heat of evaporated water should be disregarded. 

Answer: lk, = 45.5 kg/kg, la, = 55.5 kg/kg, gp = 
3530 kJ/kg, gac = 4300 kJ/kg. 

7.24. Determine the temperature of air at the outlet of 
the calorifer of a drier, if the parameters of atmospheric 
air aret, = 30°C and g, = 60%. The parameters at the 
chamber outlet: gp = 80% and te = 45°C. It is known 
that as a result of heat losses in this apparatus, the actual 
amount of air required for evaporating one kilogram of water 
is 25% larger than the theoretical amount. 

Answer: tp = 155 °C. 

7.25. Determine the temperature of air at the inlet of 
the drying chamber of a drier with air recirculation, the 
heat flux g and the mass flow rate J of the heat-transfer agent 
which are required for evaporating one kilogram of water. 
The flow rate 7 is the sum of the flow rates J,,, and 1, of 
atmospheric air and recirculating air. The mixture of atmo- 
spheric air and recirculating air is heated in the calorifer. 

Given: the parameters of the surrounding air t, = 20 °C 
and g) = 60%, the parameters of recirculating air are tp = 
40°C and ge = 80%. The content of recirculating air 
in the mixture is given by 1 : 3. The heat Aq lost in the actual 
drying is 850 kilojoules per kilogram of evaporated 
water. 

Solution. Using the parameters ty and po of the surround- 
ing air and tg and @g of recirculating air corresponding 
to the state of air at the outlet of the working chamber, we 
plot points O and C on the diagram (see Fig. 7.4). Then we 
connect these points by the straight line and plot on the 
segment OC the point corresponding to the state of air mix- 
ture at the inlet of the calorifer. Since recirculating air con- 
stitutes 1/3 of the mixture, point A is plotted on the seg- 
ment OC at 1/3 of the distance from point O. The parame- 
ters corresponding to point A: t, = 27°C, op, = 85%. The 
difference d- — d, gives Ad = 19.45 g/kg. Since there are 
heat losses in the working chamber of the drier, we draw 
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line CE’ from point C upwards (dg = const) and plot on 
it point Z’ at a distance 
Tro =z Bdac dg _ 19.45 x 850 
cx’ ~"~4000.-—S—S=«Y0007 

From point £’, we draw the line ig =const, which inter- 
sects the line d, = const and determines point B, i.e. the 
state of air heated in the calorifer at the inlet of the working 
chamber. 

The temperature ¢, corresponding to point B is 106 °C. 

The amount of air required for evaporating one kilogram 
of water is 


a 16.52 kJ/kg. 


1000 1000 _ 


including J,,, = (2/3) X 51.5 = 34.3 and J, = (1/3) X 
51.5 = 17.2 kg/kg. 
The amount of heat required for this purpose is 


g = 1 (ig —ig) = 51.5 (157.4—75.4) = 4225 kJ/kg. 


7.5. Industrial Furnaces 
7.5.1. Definitions 


Heating of articles and materials in industrial furnaces is 
determined by their physical characteristics and the inten- 
sity of heat transfer to the surface being heated. 

In reheating and melting furnaces, radiative and con- 
vective heat transfer takes place where the material being 
heated, the hot surface of the working chamber and hot gas 
filling it are involved. 

In the case of natural convection, the heat-transfer coef- 
ficient in the working chamber of a furnace a, ranges 
between 5 and 30 W/(m?-K). The radiative heat transfer 
in high-temperature reheating and melting furnaces consid- 
erably exceeds the convective heat transfer. The heat flux q, 
by radiation is determined by the formula 


= Tr \4 Ta Vk 

w= o[(%5)' (ZB) 48 
where 7; and 7’, are the temperatures of the working cham- 
ber of the furnace and the material being heated respec- 
tively, and o is the reduced emissive power of the system of 
bodies, which consists of the inner surface of the working 
chamber, heating gas and the material being heated. 
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For areheating furnace, o ranges between 3 and 4.6 W/(m*- K), 
The radiative heat-transfer coefficient 


a, = —. (7.46) 


tt —tm 
The total heat-transfer coefficient 
Gy = Or + Qe, (7.47) 
The total heat flux is given by 
dy = (ty + Ge) (tt — tm) = Hy (tr — tm) (7.48) 


The time of heating for thin sheets and metal rods is calcu- 
lated from the formula 


Mmem - ty—te, 
t= ae x 2.3 x log ara (7.49) 


where M, is the mass of the material being heated, kg, F 


is the surface area of the material, m?, cy is the specific 
heat of the material averaged over the process of heating, 
kJ/(kg-K), tm and tm are the initial and final temperatures 
of the material being heated, °C, and t, is the tempera- 
ture in the working chamber of the furnace, °C. 

The analysis of heating of bulky bodies can be carried out 
with the help of the thermal diagrams. This method con- 
sists in the division of the entire process into separate stages, 
during which the time dependence of the temperatures of the 
rey being heated and the heating medium can be assumed 
inear. 

For a given dependence between the temperatures f¢ 
and ty, the time of heating is determined from the fol- 
lowing relation: 

n 
=> Mm (tm 4m i'm 4m @) 
imt Fam i 


n 
=> * (1), (7.50) 
i=1 Fam i 


where ty, ; and ft, ; are the temperatures of the material 
being heated at the beginning and at the end of a given 
heating stage, °C, cm ; and cy, ; are the specific heats of the 
material averaged over the temperature intervals (0, ty ;) 
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and (0, tm i), im, and if, , are the enthalpies of the mate- 


rial for the temperatures ¢,, ; and ¢;, ;, and Om ; is the heat 
flux averaged over the temperature interval th 4, tmi, 


re qm i—m i 
MS Se 
2.3 x log 434 set) 
qm i 
Here gm ; and gm, are the heat losses per unit surface area 
of the material at the beginning and at the end of the stage 
under consideration. 

When carbon steel is heated to ty = 500 °C, the enthalpy 
can be determined from the formula i, = 0.55ty kJ/kg. 
In the temperature interval between 500 and 1200 °C, 
im = 0.8tm — 125 kJ/kg. 

In the analysis of heating a metal in industrial furnaces, 
the convective component of the heat flux per unit area 
can be neglected. Then we obtain the following formula 
for calculating gm and gp: 


aa=o[ (4)'— (Z2)*]. (7.52) 
dm =o[ (ot)‘— (7=)*). (7.53) 


The heat balance of a furnace is given by the following 
equation: 


Q = oy ne Qa a Qs a Qs (7.54) 


where Q is the total heat supply, Q, is the net heat, Q, is 
the heat lost with waste gas, Q, is the heat lost due to incom- 
plete combustion, and Q, is the heat lost to the surround- 
ings. 
The heat supply is given by 


Q= Ber + BegirtaryaLy + Bests + Qex, 


where B is the fuel rate, kg/s, Q]’ is the lower heat value of 
the fuel, kJ/kg, ca;, and ce are the specific heats of air 
and fuel, kJ/(kg-K), t,,, and ¢, are the temperatures of air 
and fuel, °C, and Q.; is the heat of exothermal reactions 
occurring in the material being heated, kJ/s. 

The amount of net heat is calculated by the formula 


1 = Macmtm + Ot + Qona, 
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where Mm, Cm and tm are the mass, specific heat and the 
temperature of the material being heated, Q; is the heat 
of fusion (for melting furnaces), and Qena is the heat of 
endothermal reactions. 

The heat losses with waste gas are given by 


Qs = B (A + aL) Cwtars 


where B is the fuel rate, LZ, and a@ are the theoretical air 
flow rate and the excess air coefficient, cy and ty are the 
specific heat and the temperature of waste gas. 

The heat losses due to incomplete combustion are cal- 
culated from the following equation: 


Qs = kBQY, 


where k ranges between 0.01 and 0.03 for liquid and gaseous 
fuels. 

The heat Q, lost to the surroundings can be calculated 
from the formulas for heat transfer by determining losses 
through the furnace brickwork and radiation loss at the 
charging and discharging openings. 

The value of Q, can also be determined as a residual term 
in the balance equation: 


= Q2@—(Q + Qs: + Qs). 


The ratio of the useful heat to the heat liberated upon 
combustion of the fuel is called the efficiency of a furnace. 


7.5.2. Problems 


7.26. Work-pieces made of carbon steel are placed into 
a reheating furnace having the capacity of 5000 kg/hr. The 
initial temperature of the work-pieces t, = 30°C and the 
final temperature ¢;, = 1100 °C. Fuel oil with the lower heat 
value Q}’ = 39 000 kJ/kg is used as a fuel. The theoretical 
amount of air required Ly = 13.6 kg/kg. The excess air 
coefficient a = 1.4. The temperature of the fuel is 80 °C, 
and the temperature of preheated air is 300°C. The tem- 
perature of waste gas ty = 950°C. The heat losess g, due 
to incomplete combustion amount to 1.5%, and the heat 
losses g, to the surroundings, to 15.5% of the heat of com- 
bustion of the fuel. The specific heat of waste gas cy = 
1.29 kJ/(kg-K). Calculate the fuel rate. 
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Solution. The heat balance of the furnace is described by 
the following equation: 


Q@ = Q + Qe + Qs -F Os 
BOY + BaLocarrtarr + Bests = Mm(Ctin — Cmtm’ 
+B (1 + aLo)ew.g.tw.g. + BQ (Gs + %)- 
This relation can be used for determining the fuel rate: 
My (67417) — 0/5 ten) 
~~ QW paLocatrtasrtettr—(1-FaLe) Cw.gtw.g—OV" (I-94) 


5000 (0.68 x 1150— 
= 39 000+ 1.4 x 13.6 x 1.047 X 300-+1.75 x 80— 


—0.46 x 30) - 
SUFTTX 15.8 1.29 x 950— 39 000 (0.155-+0.015) — 217-6 ke/hr. 


7.27. Determine the time t of unilateral heating of 
a150 x 150 x 1000-mm work-piece made of carbon steel from 
500 to 1000 °C, in a furnace where the temperature t; = 
1250 °C. Assume that the reduced emissive power o = 
3.5 W/(m?-K4). 

Solution. The mass of the work-piece is 


Mm = VmPm = 0.15 xX 0.45 x 1.0 x 7480 = 168.3 kg. 


Its surface area is 
F=4x 0.15 x 1.0 x 2 x 0.15 x 0.15 = 0.645 m?. 


The heat fluxes to the surface of the material at the be- 
ginning and end of the heating stage are given by 


aiu= 0 [ (Zoo) — (o0") 


= 3.5 [ (e)*- i) | = 175.811 kW/m2, 


tin =of (300) — (ae8)"] 


f 
1 
=3.5[ (Se a (F)'] = 96.393 kW/m? 
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The average heat flux per unit area is 


~ ni— Imi 75.814 — 96.393 
Gn = 2am _ ATS BE = 132.3 kW/m? 
qmi paeoatarsaiie 
23xlog 7 BBX 108 96-393 
v 


The time of heating is determined from the following 
formula: 


_ My (im—itn) ___168.3 a 
anes age 0.645 x 32.3 (675-275) 


= 788.9s= 13.5 min. 


7.28. Determine the time of unilateral heating of steel sheets 
10 mm thick, 2m long and 1.5m in width from t, = 0 °C 
to tm = 500 °C in a reheating furnace with the temperature 
ts = 800 °C. Assume that the heat-transfer coefficient ay = 
110 W/(m?-K) and the average specific heat of the metal 
Cm = 0.53 kJ/(kg-K). The density of metal is 7480 kg/m’. 
ig Answer: t = 353 s = 5.88 min. 

7.29. Determine the efficiency of a furnace heating 10 t/hr 
of steel ingots from t, = 0°C to t, = 1150 °C, if the fuel 


rate of natural gas with the lower heat value Q]’ = 
35 866 kJ/m? is 555 m‘%/hr. 
Answer: 1 = 0.4. 


8. Heat Supply Systems 


8.1. Central Heating 
8.1.1. Definitions 


Heating compensates heat losses in a room during cold 
seasons and maintains there a required temperature ?jp. 
Heat losses Qios, in a room can be determined from the 
heat-balance equation: 


Qioss a Qh.t. a Qin <r Qh.rs (8.1) 


where Qy.t, is the heat lost due to overall heat transfer 
through the walls, W, Qin; are heat losses due to inleakare 
of cold air, W, and Q),,, is the internal heat released, We. 
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The value of Qn, is calculated by the formula 


Qn.t. = Fkon (tin a tout), (8.2) 


where F is the area of the walls, m?, ky = 1/R, is the overall 
heat-transfer coefficient for the walls, W/(m*?-K), AR, is the 
thermal resistance of the walls, (m?-K)/W, n is the correc- 
tion factor to the rated temperature drop; n = 1 for bearing 
walls, ceilings and floors and basement ceilings, while for 
garret floors n ranges between 0.8 and 0.9 cm; ij, is the 
rated temperature of air indoors, °C, and toy, is the tem- 
perature of air outdoors, °C. 

The values of ky and Ry are determined for a multilayer 
wall (see Sec. 3). For standard outer walls, the values of k, 
and A, are taken from the corresponding reference books. 

The temperature ¢;, is chosen depending on the duty of 
the room. For living space, ¢;, varies betwen 18 and 20 °C, 
while for production areas f;, may vary between 10 and 18 °C 
depending on heat release, physical work of the personnel, 
etc. The temperature é),_ is determined by climatological 
data for a given region. Besides heat losses calculated by 
formula (8.2), heat losses depending on the wall orientation 
with respect to cardinal points, dominating direction of 
winds and other factors should be taken into account. The 
heat Qn.t. determines the main heat loss. Hence, heat losses 
of the room are defined by the following formula 


Qross= Or.t. (1+ SHE) = One). (8.3) 


The leakage coefficient » = Qinj/Qn.t, is assumed to be 
equal to zero for living rooms. Heat losses due to inleakage 
air in production areas may amount to 25-30% of heat lost 
through the outer walls. Internal heat release for living 
rooms is also taken at zero. For industrial enterprises, in- 
ternal heat release is determined by a source of heat release. 
For calculating the thermal power of heat-preparation sta- 
tions, heat losses determined from specific thermal charac- 
teristics of constructions are being used: 


Qioss = 2oV out (tin — tout), (8.4) 


where a is the correction factor for residential and public 
buildings, 

22 
tin—tout’ 


aw 0.54+ 
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49 is the specific thermal characteristic of the building, 
kJ/(m°-hr-K), and Vout is the outer volume of the build- 
ing, m°. 

The specific thermal characteristic of any building can 
be calculated from the following formula: 


do = ~ [want Po (Rw —Kean)) + (0.9%, —0.6%,), (8.5) 


where P is the perimeter of the building, m, S is its area, 
m?, h is the height, m, 0, is the vitrification coefficient, and 
kwait, kw, ky, and k, are the heat-transfer coefficients for 
walls, windows, floors and ceilings, respectively. 

Specific heating characteristics for individual types of 
buildings are usually given in reference books (see Append- 
ix 13). Heat losses in a room should be compensated by heat- 
ing system, and hence we can write Qioss = Qn. If we sub- 
stitute tout , (the outer rated temperature, see Appendix 13) 
into the formula for calculating heat losses, we obtain the 
maximum (rated) heat flux per unit area of the heating 


system: 
Qn = QoVout (tin — tout 1) (8.6) 


The heat required for heating at the outer temperatures 
differing from the rated values is calculated from the fol- 
lowing relation: 

for the average temperature over a cold month, 


Op = Or on 
for the average temperature over the heating period, 
Qh-p. =Qv tin fout (8 8) 
h h tin—toutr’ . 


The annual consumption of heat, taking into account the 
duration of heating period zy,)., days per year, is calculated 
by the formula 


QR = Qh? -zn.p. = 0.5 QhZn.p. (8.9) 
The duration of the heating season for a given region is 
determined by building norms or tentatively for geographical 
zones. 
The heating surface area F;, of a heater in a room is cal- 
culated from the formula 


Fa= pq BBsBss (8.10) 
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where k is the heat-transfer coefficient of the heater, 
kJ/(m?-hr-K), tay is the average rated temperature of the 
heat-transfer agent in the heater, °C, ¢,,, is the rated tem- 
perature of air in the room, °C, Qios, is the heat loss 
for the room, kJ/hr, and f,, Bz, Bs are the correction factors 
for the number of sections in a battery, for cooling down 
water in pipes, and for the arrangement of the heater. 


8.1.2. Problems 


8.1. Determine heat losses in living room No. 104 and 
No. 102 located on the ground floor of the building (Fig. 8.1). 
The rated outdoor temperature toy,= —26°C, the tempera- 
ture indoors should be taken at t,,= + 18 °C for the corner 


Fig. 8.4 


room and t,, = -++ 20°C for the middle room, the heat- 
transfer coefficient for the outer walls kya1) = 3.72 kJ/(m? x 
hr-K), for windows with double wooden casing ky = 
9.63 kJ/(m?-hr-K) and ky = 2.51 kJ/(m?-hr-K) for floors. 
Solution. We determine heat losses for separate parts of 
enclosure by formula (8.2): Qjoss = Fkon (tin — tout). While 
calculating heat losses through the outer walls, the area of 
the windows is not calculated, but instead of the heat- 
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transfer coefficient for a window, the difference between the 
heat-transfer coefficients for the window and outer wall is 
taken. For the floor above the unheated basement below the 
ground level, the temperature difference is taken with the 
coefficient n = 0.4. 

Thus, for the corner room We have Atn = 46 x 0.4 = 
18.4°C and for the other rooms, 44 x 0.4 = 17.6 °C. 

The results of calculations are written in Table 8.4, where 
the following notation is used: SE—South-East, NE—North- 
East, OW outer wall, DW—double window, C—ceiling, 
F—floor, etc. 

8.2. Determine the heat losses for living spaces 201 and 
202 in Fig. 8.1, situated on the first floor of the building for 
the region with the rated reliable temperature of —26 °C. 
The temperature indoors and the heat-transfer coefficients 
chrough the parts of enclosure should be taken from condi- 
tions of Problem 8.4. The following condition is also im- 
posed for determining the temperature difference for the 
garret ceiling floor: 

for middle rooms 


Atn = 44 x 0.8 = 35.2 °C, 


and for corner rooms, 46 x 0.8 = 36.8 °C. 

Answer: For room 204, Qos = 10 592.32 kJ/hr, for 
room 202, Qiosg = 5199.79 kJ/hr. 

8.3. Determine heat losses using enlarged data for a resi- 
dential building in Sverdlovsk region. The construction 
volume of the building corresponding to the outer dimensions 
is 10* m*, the specific heating characteristic is 


Qo = 1.38 kJ/(m’-hr-K). 


Solution. The rated amount of heat required tor heating 
can be found from the formula 


Qn =F JoVout (tin —- tout 1). 


For living space, it is assumed that t;, = 18 °C. 

For Sverdlovsk, toyt » = —31°C. Then Qy = 1.38 x 
104 x (18 + 34) = 676.2 x 108 kJ/hr. 

8.4. Using the conditions of Problem 8.3, calculate the 
amount of heat consumed per hour for heating at the tem- 
perature fay" = — 15.3 °C. 

Answer: Qf" = 459.54 x 108 kJ/hr. 


199 


Table 8.1 


Overall 


Tem~- Area aoe heat-trans- 
No. of | Pera | Orien- | Enclo-| Size of enclo-| of en- | aifference ir oe 
room | tre | tation | sure sure,m | closu-|¢. —¢ 
as re, m2] in” ‘out? we a. ie 
oors °C K) 
104 18 SE | OW] 4.83x3.3 1415.93] 46 3.72 
NE | OW | 6.56X3.3 | 21.6 46 3.72 
SE | DW} 2(1.2x4. Hw) 3.84] 46 9.63-3.72 
— F 4.3x6. 26.24) 18.4 2.54 
102 | 20 SE | OW 4X3.3 | 13.2 44 3.72 
SE | DW 1.2xX1.6 | 1.92] 44 9.63-3.72 
_ Cc 4X6.06 | 24.24] 17.6 2.54 
| 
| 


eae eee ae 


(Table 8.1 cont.) 


Additional heat 


losses, %, due to Additional Total heat 


heat losses, 
kJ /or losses, kJ/hr 


Main heat 
No. of losses 


kJ/hr’ | orten-| speed 
tation 


room 


101 4185.76 5 5 | — 272.35 3004.23 
3703.96 0 | —|— 557.27 4266.23 
4039.42 5 5 | — 104.75 1143.87 
4245.4 ane ee — 4245.4 

| | | | | | 9624.43 

402 2441.09 5 5 213.69 2354.78 4 

498 .64 5 5 | — 50.28 548.891» 
4072.64 = |e Po — 1072.64 
| | | | | | 3976.34 


8.5. Calculate the annual consumption of heat for heating 
under the conditions of Problem 8.3, if zy,), = 5472 hr/year 


and th’ = —6.4 °C. 
Answer: Qi” = 336.72 MJ/hr, Qf°" = 1.842 GJ. 
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8.6. Determine the rated amount of heat required for heat- 
ing a group of buildings, if the volume of these buildings 
corresponding to outer dimensions V,y, = 10000 m?, the 
specific heating characteristic gy = 1.42 kJ/(m’-hr-K), the 
temperature indoors fy, = +18°C, and the temperature 
outdoors tout y = —32 °C. ° 

Answer: Qi = 710 X 410% kJ/hr. 

8.7. Determine the area and arrange the heating surface 
of radiators M-140 required for heating a corner room having 
two windows on an outer wall. The heat losses of the room 
through the outer walls Qj})5; = 14 665 kJ/hr, the tempera- 
ture of water at the radiator inlet ¢;,, = 95 °C, and at the 
oulet, toyt; = 70°C, while the temperature of air indoors 
ez" _ 48°C. The coefficient taking into account the cool- 
ing down of water in the tubes is equal to 1.0, the coeffi- 
cient of arrangement of radiators is 1.03 (the coefficient is 
equal to 1.0 for eight sections and 1.03 for eleven sections). 
The overall heat-transfer coefficient k = 34.35 kJ/(m?-hr/K). 

Solution. The total heating surface of the radiators can be 
found from the formula 


_ 
Po.p.= Eay—tn) * 


Let us calculate 
(toy —tin) = PE — 18 = 64.5 °C. 


Then 


14 665 
Fy. p. = 395 x6AD * 4 x 1.03 == 6.8 m2, 


or in equivalent square metres for M-140 radiators, 
6.8 x 1.22 = 8.3 m2, 


where 1.22 is the conversion factor for M-140 radiators. 

Using the specification of M-140 radiators, we find that 
the heating surface of a section is 0.31 m®. Then the number 
of sections is 


Taking into account the fact that we have a corner room, 
two radiators with eight sections should be arranged under 
the windows and one radiator having eleven sections should 
be placed at the other outer wall. 
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8.2. Ventilation System 
8.2.1. Definitions 


Ventilation can be general or local depending on the princi- 
ple of organization of airexchange in the room. In the case of 
local ventilation, standard conditions of air are maintained 
only in separate parts of the room (at working places). De- 
pending on the duty of the room and the nature of harmful 
evolution, the sanitary norm of incoming air per hour intend- 
ed for one person is established. Knowing the sanitary 
norms, the volume of the room and the number of workers, 
we can determine the amount of outdoor air which must be 
fed for ventilation (see Sec. 8.4) 

{During the heating period, the temperature of the outdoor 
air tout is lower than the temperature ¢,, of indoor air.To 
prevent a decrease in the air temperature in the room, the 
outdoor (fresh) air is heated before it is fed to the room. 
Therefore, forced and plenum-exhaust mechanical ventilation 
systems are heat consumers. The heat required for heating 
the outdoor air supplied for ventilation of the rooms from 
tout to ty, is determined by the formula 


Qy = VventCair (tin — fout)s (8.14) 


OF — MV inCatr (tin = tout)» (8.12) 


where V;, is the internal volume of the room, m’, m = 
Vvent/Vin is the air-exchange (ventilation) ratio, 7, 
and Ca, is the heat capacity of air per unit volume, kJ/(m3- K). 
The following formula can also be used for determining the 
amount of required heat: 


Qy = AvVout (tin — tout), (8.13) 


where Vout is the volume of the room corresponding to the 
outer dimensions, m3, and q, is the specific ventilation 
characteristic of the room, given by qy = mCayrVin/Vout- 
©The maximum (rated) amount of heat per hour required 
for ventilation is calculated from the rated outer temperature 
for ventilation tout. r. y.! 


Ls = GvVout (tin — tout. vival (8.14) 


where qy and tout.r.v. are determined by the duty of the 
room and are taken from the tables contained in Appen- 
dices 13 and 15. 
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or 


For public buildings and plants without releasing harmful 
gases, vapours or dust, foyt.;.y. is higher than toyt.,,. The 
amount of heat Qy required for ventilation at the temperature 
of outdoor air below foyt.;.y. remains constant. In order 
to avoid the cooling down the room being ventilated, a recir- 
culating air is used as an outer (fresh) air. In this case, the 
ventilation ratio for the room is reduced and determined 
by the formula 

tin—ltout.r.v 
he (8.15) 
where m is the designed ventilation ratio, s~!, and foyt is 
the outdoor temperature for the period when éjyt is lower 
than tout.r.v.s °C. 

The rated amount of heat required for ventilation of the 
rooms for which the ventilation ratio should not be reduced 
as well as for rooms where air is spent for technological 
processes (furnaces, driers, screens, etc.) is determined from 
lout.r.- 

The annual consumption of heat for ventilation is found 
from the annual operation time for ventilation measured in 
hours. The outdoor air is heated in calorifers. The heating 
ne of a calorifer, F, is calculated as described in 

ec. 7.1: 


F (8.16) 


~ k(tav.n.—tav-air)’ 
where Q is the amount of heat required for air heating, kJ/hr, 
k is the heat-transfer coefficient for the calorifer, kJ/(m? x 
hr-K), tay.n. is the average temperature of a heat-transfer 
agent, °C and tay.air is the average temperature of air, °C; 


Q = G, irate (tair —- tair), (8.17) 
tayn, = nt font, (8.18) 

t tt 
fas, (8.19) 


where G,;, is the mass flow rate of air being heated, kg/s, 
Cajr iS the specific heat of air, kJ/(kg-K), t;, and toy, are the 
temperatures of heating water at the inlet and outlet of the 
calorifer, °C, for steam heating, tay.p, = tsat) and tai and 
thir are the initial and final temperatures of air, °C. 
The type of calorifer is chosen in accordance with the 
value of F and the free cross-sectional area f of the air 
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duct, m?: 


Zh Gatr 
f= 36000." (8.20) 
where v,, is the mass flow rate of air in the calorifer, 


kg/(m?-s). 

The mass flow rate of air, vy, = vp, is determined by 
economic considerations. For plate calorifers it is equal 
to 7-12 kg/(m*- s), while for finned calorifers v,, ranges between 
3 and 5 kg/(m?-s). 

8.2.2. Problems 


8.8. Calculate the maximum heat flow rate per hour re- 
quired for ventilation of a building with the internal volume 
Vin = 15 000 m® if the rated temperature for ventilation 
tout.r.v. = —19°C, the temperature ¢;, of the air indoors 
being 16°C. The ventilation ratio m = 2.5 4/hr. 

Solution. The maximum heat flow rate per hour is deter- 
mined by the formula 


= mV inCair (tin — fout.r.v.) = 2-5 X 15 X 108 
x 1.3(16 + 15) = 1.509 x 10° kJ/hr. 


8.9. Using the conditions of Problem 8.8, determine the 
ventilation ratio for the outdoor air temperatures of —20 °C 
and —25 °C 


Solution. 
Mag = 2.5 om =2.15 4/hr, 
Mas = 2.5 et oe = 1.89 A/hr. 


8.10. Calculate the rated amount of heat required for 
ventilation of a machine-assembly shop in the region of 
Moscow, if the outer-dimension volume of the workshop 
Vout = 50000 m°. 

Solution. The rated amount of heat required for ventila- 
tion of the workshop can be found from the formula 


Oy = QvVout (tin — tout.r.v.): 


The specific ventilation characteristic q, for the machine- 
assembly workshop of volume 50 000 m3 is 0.63 kJ/(m*® x 
hr-K). 
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The air temperature in the room t,;, = 16 °C (see Appen- 
dix 14). The rated temperature for ventilation of the room 
in the region of Moscow fout.r.y. = —14 °C. Substituting 
these values into the formula, we get 


Qy = 0.63 x 50 x 10° (46 +4" 14) = 945 x 10% kJ/hr. 


8.41. Using conditions of Problem 8.10, determine the 
ventilation ratio for the workshop at tout.y.y.- 

Solution. For Moscow, tout.r.y. = —20 °C. The ventila- 
tion ratio for this temperature is 


tin—tout.r.v. =m 16-+- 14 
tin—tout 16+-25 


i.e. amounts to 73% of the rated value. 

8.12. Determine the amount of heat required for ventila- 
tion of a workshop having Voy, = 15 000 m’, if the rated 
temperature for ventilation tout.-,.y. = —10 °C, the specific 
ventilation characteristic qy = 3.6 kJ/(m*-hr-K), and 
tin = + 45 °C. 

Answer: Qy = 1350 x 10® kJ/hr. 

8.13. Calculate the area of heating surface of a calorifer 
intended for heating 5000 m*/hr of air from —20 to +18 °C 
if the temperature of water at the calorifer inlet ¢,, = 
150°C and at its outlet, fy, = 70°C. The heat-transfer 
coefficient should be assumed as 72 kJ/(m?-hr-K). 

Solution. The area of the heating surface is calculated 
from the formula 


Mao5 =m 


=0.73 m, 


F 


~ K(tay.h.—tav.air) 


Using Appendix, we find the density of air at 18°C, 
Pair = 1.2 kg/m, and its specific heat cay, = 1.0 kJ/(kg-K). 
This gives 

Q =VpassCatr (tir — téir) = 5000 x 1.2 x 1 (18+ 20) 
= 228-103 kJ/hr, 


tay.h. = rn =110 °C, 
_ 18 
tov.air = = =—1 °C, 
Then 
PF 228 x 103 2995'S is! 


~ "72 x (110-+1) 
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8.14. Choose a calorifer suitable for heating 10 000 m° 
of air from —20 to + 18°C. The heat-transfer agent is 
water whose temperature is 150°C at the inlet and 70 °C at 


the outlet. 
Solution. 1. We determine the heat flow rate for air 


heating: 
Q = GayrCatr (tair — tair) = 10000 x 1.2 (18 + 20) 
= 456 x 10° kJ/hr. 
2. Now we find the free cross-sectional area for the air 


which passes through the calorifer (the mass flow rate is as- 
sumed to be 8 kg/(m?-s)): 


G 40.000 x 1.2 
= — = 4 2 
I= 3i00m 3600 x8, ate me 


Using the specifications of calorifers, we choose the model 
with the free cross-sectional area for air f,,, = 0.44 m* and 
for water fy = 0.0066 m?, while the area of the heating sur- 


face F = 44.3 m?, 
3. Then we determine the mass flow rate of air more pre- 


cisely: 


—= Gair = 40 000 x 41.2 _ 2 
Um = 3600 fain = 3800x044 = 7-7 kel (m?-s). 


4. We calculate the velocity of water in the tubes of the 
calorifer: 


| 17 <9 
t°~ 3600cairPair/w (tin— tout) 


456 x 103 2M 
= FEO KAD X 1000 X 0.0086 (150-70) 2-057 m/s. 


5. Now we determine the heat output of the chosen calori- 
fer. The specification corresponding to vy, = 7.57 kg/(m?-s) 
and v, = 0.057 m/s gives the following value for the heat- 


transfer coefficient: 
k = 71 kJ/(m?-hr-K), 
This gives 
= Fk (tay.n. — tay.air) = 44.3 xX 71 (440 + 1) 
= 349.128 x 10° kJ/hr. 

6. Finally, we choosa the number of calorifers. 

In accordance with design rules, the margins for the heat 
output of a calorifer should constitute 20%. Hence the net 
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heat output of the calorifers being mounted in 456 x 10° x 
1.2 = 547.2 x 10° kJ/hr. 

Thus, we should use two calorifers with the heat output 
of 349.128 x 108 x 2 = 698.256 x 108 kJ/hr. 


8.3. Hot Water Supply 


8.3.1. Definitions 


In any heat-supply region, heat is spent for hot water supply 
in addition to heat required for heating and ventilation. The 
amount of heat required for hot water supply is calculated 
starting from the hourly average amount of heat during a 
week: 
av.w. aI cw (tn—te) 
Ost = Slew Car te), (8.24) 


where a is the hot water use rate at a temperature of 65 °C, 
1 (kg) per metre, J is the number of units of measurement 
(which can be persons in living spaces or operations, berths, 
attendants where public service is involved), cy is the spe- 
cific heat of water, equal to 4.19 kJ/(kg-K), ¢, is the temper- 
ature of hot water, which is assumed to be 65 °C, ¢, is the 
temperature of cold water, which is equal to +5 °C in win- 
ter and +15 °C in summer, and my is the rated duration of 
heat delivery for hot water supply per day, hr/day. 

The hot water use rate and the rated duration of hot wa- 
ter supply per day depend on the consumer (see Appendices 16 
and 17). 

The hourly average amount of heat spent during a day 
with a maximum water consumption is determined by taking 
into account the daily average diversity factor kg during 
a week: 


af ki, (8.22) 


For residential and public buildings, kg = 1.2, while for 
industrial buildings and plants kg = 1.0. The hourly maxi- 
mum (rated) heat consumption for hot water supply is de- 
termined from the daily average heat flow rate using the 
hourly average diversity factor during a day of maximum 
water consumption, ‘y;: 


Qh. Wo ken Qavw. w= Qhw. rd ‘Kenykg. (8. 23) 
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For tentative calculations, it can be assumed that for 
cities and localities ky, ranges between 1.7 and 2, while for 
plants ky, = 1.0. 

The yearly heat consumption for hot water supply is given 


by 
Qxeat — ORV." +0.808%;"" (65—te.s.) (8400 — zp. p.) 
hw. hw. “h.p. -OVh.w. (65—te.w.) h.p.)s 
(8.24) 


where Zp.p, is the duration of heating period, hr, 0.8 is the 
reduction ratio for the hourly hot water consumption in 
summer season, and 8400 is the running time of a hot wa- 
ter supply system during a year, hr. 


8.3.2. Problems 


8.15. Calculate the rated (hourly maximum) amount of 
heat required for hot water supply of a town with the popu- 
lation of 25 000. The number of berths and operations in 
public buildings and the amount of water consumed should 
be taken in accordance with construction norms and rules. 

Solution. 1. In accordance with recommendations con- 
tained in Appendix 16, we determine the number of berths in 
hotels and hospitals, seats in schools, kinder-gartens, can- 
teens, restaurants, capacity of laundries, etc. 

2. Establish the daily water consumption per person or 
per operation. 

3. Determine the daily hot water consumption in resi- 
dential and public buildings. 

4, On the basis of these results, we compile Table 8.2. 

5. Then we determine the daily heat consumption during 
a winter season: 


Qh.w.w. = Gn.w.Cw (th —te.w.) = 3.7 x 108 
xX 4.19 (65 —5) = 930-108 kJ/day. 
6. Hourly average heat consumption during a week is 
given by 


aviyt- — 980% 10" _ 38.75 x 108 kI/hr. 


7. The hourly maximum heat consumption is 
Qhiw. = KnpktaQhw.” = 1.2 x 2 x 38.75 x 108 = 93 x 10° kJ/hr. 
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Table 8.2 


Rated Number of Hot 
Type of data for units (berths, | water | Hot water 
pbuilding 1000 per- | Seats, ey lentes b, Soneamede | remark 
Song per day |kg/day ne 
4 2 3 °* 4 5 6 
Residential buil- — 25 000 110 | 2.75x108 
dings 
Hotels 5 berths | 125 berths GO | 7.5103 
Clubs and cine- 2 water 1500 | 3.0x108 | Operate 
mas intakes, 6 hr a. 
250 1 each day 
Canteens, _res-| 50 seats 156 250 4 | 625.0108 |125 dishes 
taurants, and dishes per day 
cafés per seat 


Kinder-gartens |75 berths) 1875 berths| 25 | 46.875x10* 
and day nur- 


sery 
Schools 200 seats} 5000 seats 7 | ,35.0x108 
Out-patient cli-|30 visits} 750 visits 5 | 3.75x 103 
nics 
Hospitals 6 berths | 150 berths | 180 | .27.0x108 
Laundries 330 kg of} 8250 kg 25 | 206.25 x 10 
washing | of washing 
per day 
Total 3704 x 108 


Thus, the net daily hot water consumption for the district Gy y= 
3.7 X 106 kg/day. 


8.16. Using the conditions of Problem 8.15, determine 
the rated amount of heat required during a summer season. 

Answer: Op ex, = 77.5 X 10° kJ/hr. 

8.17. Calculate the rated amount of heat required for hot 
water supply of a district with a population J = 10 000. The 
hot water use rate is 110 l/day per person. The temperature 
of hot water ty.w. = 60°C and of cold water, t..y, = 
+ 15 °C 

Answer: Qh.w. = 20.7 x 410° kJ/hr. 

8.18. Using the conditions of Problem 8.17, find the change 
in the amount of heat required for hot water supply if 
teow. = +5 °C (in a winter season). 

Answer: Qh.w. = 25.3 X 108° kJ/hr, AQn.w, = 4.6 X 
10® kJ/hr. 

k_ 8.19. Determine the net rated amount of heat required for 
heating, ventilation and hot water supply of a district with 
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the population J = 20 000, using the following data: the ra- 
ted volume of living rooms per person v = 50 m%, _the,vol- 
ume of public buildings amounts to 20% of the volume of _res- 
idential buildings, the temperature of air in residential and 
public buildings ¢,, = 18 °C, the rated temperature of heat- 
ing tout.r.n. = —22°C, residential and public buildings 
have the same specific heating characteristic: 


Qh.res. = Yh.pub. = 1.67 kJ/(m?-hr-K). 


It is assumed that heat for ventilation is spent only for 
public buildings, for which the specific ventilation characte- 
ristic is 

dy = 1.05 |kJ/(m*-hr-K), 


The amount of heat spent for hot water supply should be 
calculated assuming that 90 l/day of water having the tem- 
perature of 65 °C is consumed per person. The temperature 
of cold water for the winter period should be taken ati,.y, = 
+5 °. 

Assume that the amount of heat spent for hot water supply 
of public buildings is equal to 15% of the heat required for 
hot water supply of residential buildings. 


Answer: Qs = 138.66 x 10° kJ/hr. 
7 


8.4. Air Conditioning 
8.4.1. Definitions 


The operation processes of air conditioning systems are cal- 
culated with the help of i-d diagrams for moist air. The capac- 
ity of an air conditioning unit is determined from the heat- 
and-mass balance equation for moist air in the room where 
the unit is installed. 

For the warm (summer) period, when the temperature in 
the room should be maintained below the outer temperature, 
heat and moisture influxes into the room should be de- 
termined. The sources of heat are 

4. Machinery: 


Qm = kN, (8.25) 


where W is the power of electrical equipment in the room, 
kW, and k is the coefficient taking into account the actually 
consumed power. 
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The value of this coefficient for electrical devices with the 
power below 3 kW can be taken at 0.25. For more powerful 
units, k = 0.4-0.15. 

2. Heat inflows through the walls: 


Qw = Kreal’w (tout — fin), (8.26) 


where kyeq is the reduced overall heat-transfer coefficient for 
enclosure surface, W/(m?-K), /’y is the surface of enclosure 
(wall) based on outer dimensions, m”, and toy, and tj, are 
the temperatures of outdoor and indoor air, °C. 

Solar radiation incident on the surface of enclosure should 
be taken into consideration in calculations. 

3. Heat liberated by persons present: 


Qp.p. — 2q, (8.27) 


where z is the number of persons present in the room and q is 
the heat liberated per person. 

The value of g varies between 80 and 120 W depending on 
the type of work done and thermal and humidity conditions 
in the room. 

The total excess heat in the room is given by 


Q = Qm a Qw = Qp.p. = Qothers (8.28) 


where Qother is the heat due to other sources (heated sur- 
faces of the pipe lines, technological processes involving heat 
release, etc.). 

The amount of air which should be supplied to the room is 
determined from the condition of compensating heat in- 
flows: 

ars ek |, (8.29) 
where cp is the specific heat of air (approximately equal to 
1 kJ/(kg-K), t, is the temperature of air supplied by the sys- 
tem, °C. 7 

The temperature difference ¢,, — t, should not exceed 
9-7 °C. 

The moisture removed by an air-conditioning unit is 

W = Weq + Wy.p- (8.30) 
where W .q is the moisture liberated by equipment, kg/s, and 
W).p. is the moisture liberated by persons present, kg/s. 


‘The amount of moisture liberated per person present de- 
pends on thermal conditions and humidity of the room as well 
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as on the kind of work he |does, It varies between 30 and 
95 g/hr. 

The amount of air required for the removal of moisture is 
determined by the formula 


(8.34) 


where dj, and d, are the moisture contents of air in the room 
and that supplied by the air-conditioning unit, g/kg. 
When air-conditioning system is in operation, it must en- 
sure the relative humidity in the room with personnel within 
the limits of 40-70%. If the air flow rate G is determined 
from the condition of compensation of heat inflows, the re- 
quired moisture content of the inflowing air supplied to the 
room is 
1000W 
G e 
The refrigerating capacity of the refrigerator of an air 
conditioner is given by 


Qr = Gout (tout = ig) i G, (iin = is), (8.33) 


where Goyt and G, are the mass flow rates of the outer and 
recirculating air, kg/hr, ioyt, ig and i,, are the enthalpies of 
the outer air, supplied air, and indoor air, kJ/kg. 

The minimal amount of fresh air supplied by a conditioner 
is determined according to construction norms and rules 
for air exchange. 

For rooms having a volume below 20 m°, 30 m°%/hr should 
be supplied per person, and for rooms having a volume 
between 20 and 40m*, 20 m/hr are required per person. 
For public buildings where smoking is forbidden the fresh 
air flow rate is 25 m°/hr, while in buildings intended for 
children it should be 15 m°%/hr. 


dy==dyy— (8.32) 


8.4.2. Problems 


8.20. Determine heat inflows to an industrial building 
with the surface area of outer walls of 1328 m?, if the reduced 
heat-transfer coefficient for the wall k,eg = 4.85 W/(m?-K), 
the heat inflow due to solar radiation through a window of 
400 m? in area is g, = 2400 kJ/(hr-m?), and 50 persons are 
working in the room. The power N of electric motors operat- 
ing simultaneously is 30 kW. The temperature of the out- 
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door air toy, = 27°C and the temperature of air indoors 
ti = 20°C. Assume that the amount of heat liberated 
per person is 100 W. 

Answer: Q = 408.6 MJ/hr. 

8.21. "A 1800-m® production area served by 60 persons 
should have the following parameters for air: ¢,;, = 20°C 
and g = 55%. Heat inflow to the area amounts to 81 MJ/hr, 
the amount of moisture liberated is 25 kg/hr. Calculate the 
capacity of a conditioner if the moisture content of the sup- 
plied air d, = 6 g/kg and its temperature t¢, = 14 °C. Deter- 
mine the minimal mass flow rate of the intake air. 

Solution. The mass flow rate of the intake air should be 
calculated 

(a) from the excess heat 


G=— 20 _ =, 1M 13 500 kg/hr, 
(b) from the excess moisture 


1000W 25 X 1000 

The volume of the production area per person is 1800/60 = 
30 m°’. Consequently, the air flow rate is 20 m°/hr. The 
minimal air flow rate corresponding to construction norms 
and rules is 60 x 20 = 1200 m'/hr. The capacity of the 
conditioner should be determined from the condition of 
compensating heat inflows. 

8.22. A conditioner ‘supplies air with ft, = 15°C and 
Ps = 55% to a 1200-m® production area. The parameters of 
the indoot air are fy, = 22°C and gi, = 60%. Determine 
heat inflows andthe amount of moisture liberated in the 
room, if the air mass flow rate required for their removal is 
the same and equal to 10 G00 kg/hr. 

Answer: Q = 70 MJ/hr, W = 40 kg/hr. 

8.23. Calculate the process of air treatment in an air 
conditioning unit without a refrigerator, which ensures air 
showers at heating surfaces with the temperature t, = 20°C 
during warm period and t, = 18 °C during cold period. The 
air mass flow rate G = 3000 kg/hr. The parameters of air 
are fout = 27°C and Gout = 45% for a summer season and 
tour = —20°C and out = 80% for a winter season. 

Solution. During warm period, air can be cooled trom 
tout = 27°C to t, = 20 °C by adiabatic humidification in a 
spray chamber. Plotting the process on the i-d diagram, we 
see that when the temperature drops to 20 °C, the relative 
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humidity of air becomes ~, = 85%. The water mass flow 
rate for humidification is 


W = G (ds — dot) = 3000 (13.5 — 10) = 10.5 kg/hr. 


During the cold period, air should be heated and humidi- 
fied. We assume that the parameters of the air being supplied 
are t, = 18 Cand 9, = 40%. From the point corresponding 
to the state of the outdoor air on the i-d diagram, we draw 
the line d, = const upwards, which corresponds to air heat- 
ing. Then we draw the line i, = const from the point cor- 
responding to the state of supplied air, which describes 
adiabatic increase in the air temperature involving a decrease 
in the moisture content, until it intersects the line describ- 
ing the heating of the outdoor air. 

The point of intersection corresponds to the state of air 
preheated before it enters the spray chamber. Using the i-d 
diagram, we find that the temperature of heated air tg = 
29.5 °C. The heat consumption for air heating is 


Q = G (iS — iout) = 3000 (29.8 — 20.2) = 150 MJ/hr. 


8.24. Calculate the process of air treatment in a condi- 
tioner for the warm period, if the parameters of the outdoor 
air toy, = 34 °C and do... = 9.8 g/kg. The parameters of sup- 
plied air t, = 20°C and », = 50%. The system operates 
without recirculation, with the intake air flow rate f 
2500 kg/hr. 

Answer: Cold consumption Q, = 66.6 MJ/m. 

Heat consumption Q, = 24.49 MJ/hr. 
The flow rate of moisture removed W = 5.75 kg/hr. 

8.25. The parameters of the outdoor air are toy_ = 30 °C 
and Qout = 49%, while the parameters of the indoor air 
tin = 22°C and gin = 50%. Determine the temperature to 
which the outer air is cooled if after its mixing with the recir- 
culating air, the temperature of the air supplied to the room 
is t = 18 °C. Calculate the fraction of the recirculating air. 

Answer: tooo, = 10°C, Sreg = 75%. 

8.26. Calculate the mass flow rate and the temperature of 
the fresh air that should be supplied (in the mixture with 
the recirculating air) to a sleeping car in order to maintain 
the temperature f,, = 25°C and relative humidity 9», = 
60% atthe parameters of the outdoor air t.,, = 35 °C and 
Mout = 40%. The number of passengers in the carriage is 
40. Heat and moisture liberated by the equipment and the 
infiltration should be neglected. 
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The reduced overall heat transfer coefficient k,.q of the 
sleeping car walls having the surface of 225 m? is 
1.16 W/(m?-K). The amount of heat due to solar radiation 
is about 30% of total heat supply. Find the amount of 
moisture which should be removed by the conditioner. 

Solution. The amount of heat inflowing into the carriage 
without solar radiation is 

QW = Ow + Onn. = KreaFw (tout — tin) + 29 
= 1.16 x 225 (25 — 25) + 40 x 100 = 6.64 MJ/hr. 


Taking solar radiation into account, we obtain 


, 100 pay 100 “q pr 


The mass flow rate of fresh air calculated for excess heat is 


Q 


en (int) ° 


where ¢, is the required temperature of the supplied air be- 
fore it is mixed with the recirculating air. 
We assume that t, = 14 °C. Then the air mass flow rate is 


9450 
oS a = 860 kg/hr. 


The amount of moisture liberated by passengers (assum- 
ing that one person liberates w,) = 50 g/hr) is 


W = ww, = 40 X 50 = 2 kg/hr. 


G= 


Using the i-d diagram, we determine the moisture content 
di, = 12.3 g/kg for the state of the air in the carriage (¢,, = 
25 °C and @y, = 60%). In order to remove from the car- 
riage liberated moisture, the moisture content of compressed 
air supplied by the conditioner (at t; = 14°C) should be 

d= dyy— YY =12.3— 2 = 9.98 g/kg. 

When the outdoor air is cooled from toyt = 35 °C (with 
Pout = 40%) to t; = 14°C, its moisture content becomes 
approximately equal to that taken for the calculations. 

The amount of moisture which should be removed from the 
outdoor air during its cooling in the conditioner should be 


W = (dour — &) = 860 (14 — 10) = 3.44 kg/hr. 
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8.5. Heating Systems 


8.5.1. Definitions 


Heating systems form one of the basic elements of a heat- 
supply system. For ensuring a reliable operation of heat- 
and-power supply system, it is necessary to choose the diam- 
eter of pipe-lines in accordance with a given flow rate and 
taking into account the admissible velocity of the heat- 
transfer agent. Sometimes the capacity of a pipe-line has to be 
determined for a known diameter and a given pressure drop. 

The initial data for calculating the diameter of a pipe-line 
are given in Sec. 1.3. 

In order to simplify calculations, local pressure losses in 
the rated section are replaced by an equivalent length. This 
is the length of a straight segment of the pipe-line where 
the pressure drop is the same as the local pressure drop. Sum- 
ming up the lengths of rectilinear segments and equivalent 
lengths, we obtain the reduced length J,eqg, which is used 
for determining the total pressure drop Ap (head Af) for 
a known pressure drop (resistance) R, per unit length on a 
rated segment: 


Ap = Ap, + Apiog = Ril + Riles (8.34) 
whence 


+e ar, which is the local loss coefficient 


and 
P+ Leg = lreae 
This gives 
Ap = RI (1+ a), (8.35) 
or 
Ap = Rilrea- (8.36) 


On the other hand, assuming (tentatively estimating) a 
for given J and Ap, we can find R,. Then the formula for 
calculating the diameter d of a pipe-line, m, can be written 
in the following form: 

p:0-0475 00.38 


(8.37) 


where k is the absolute roughness, m, G is the heat-transfer 
agent rate, kg/s, R, is the pressure drop per unit length, 
Pa/m, and 0 is the density of the heat-transfer agent, kg/m*. 
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The absolute roughness k, m, for some pipe-lines is given 
below: 
for steam pipe-lines ...... 210-4 
for water supply systems .... 5xX40-4 
for condensate pipe-lines .... 1X410°° 
The diameter d of a pipe-line without branching can be 
determined from a given heat-transfer agent flow rate G, 
t/hr, and the admissible pressure drop Ap, Pa, following the 
procedure given below. 
A. Preliminary calculations a 
1. The local loss coefficients are Galetlated: 
for water a =.0.01V G 


for steam a = O1V EG = 
2. The pressure drop per unit length is determined: 


R, = Ap/l (1 + a). 


3. The average density of the heat-transfer agent is calcu- 

lated 
o= Prat Prin 

4. The diameter of the pipe-line is calculated from for- 
mula (8.37). 

B. Test calculation 

5. The obtained diameter of the pipe-line is rounded-off to 
the nearest standard value. 

6. The real (actual) pressure drop per unit length is de- 
termined for d corresponding to standard. 

7. The reduced lengths are calculated: lpeq = 1 + lege 

8. ‘The actual pressure drop is then determined 


APac = Ri.ac lrea- 

The peculiarity of determining the pipe diameters of a 
branched system (Fig. 8.2) consists in that the dominating 
direction is chosen at the beginning of calculation, where the 
pressure drop is minimum. The pressure drop per unit length 
of a steam pipe-line is 


Ap 
oe vie 
while for water pipe-lines, we po 
A= Hy, 


where y is the specific gravity water, N/m, 
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If the available heads for consumers are equal, the line 
with the most remote consumer is assumed to have the'domi- 
nating direction. Then the loca! loss coefficient « is determi- 
ned (from the net flow rate of the heat-transfer agent in the 
main segment 0-3). Knowing a, we can determine R;. Accord- 
ing,to the designer handbook, the (pressure drop) resistance, 
Rj,,per unit length in the dominating direction should not 
exceed 80 Pa/m. Using the obtained value of R,; and the heat- 


C3=100 


Fig. 8.2 


transfer agent flow rate for the end consumer 3, the diameter 
d,, of the pipe-line for the most remote segment is determi- 
ned. After this the test calculation for segment 3-4 is made, 
and the actual value of Ap is found. Then the values of ds, 
and d,s are determined and now calculations for branching 
regions can be made. It is convenient to seek the diameters 
of a branched heating system in tabular form. Reference 
books on heating systems contain nomograms for determin- 
ing the diameters of pipes in heating systems. 

The temperature elongation Al of a pipe-line Z m long is 
determined from the linear expansion coefficient a, m/(m-K) 
and the difference between the operation temperature fop, 
°C, and mounting temperature t,, °C: 


Al =o (top — tq) t- (8.38) 
For steel tubes, the value of acan be taken at 41.2 x 40-5 
m/(m-K). 
The heat Q lost on a segment of a pipe-line is determined 
from the heat lost per unit length g,, W/m, 


a= R (8.39) 
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where ty is the temperature of the heat-transfer agent, °C, t, 
is the temperature of the surroundings, °C, R, is the specific 
thermal resistance, (m-K)/W. 

For an insulated pipe-line, we have 


R, = Rin + Ry + Rins + Rout (8.40) 


where R,, is the thermal resistance of the inner surface of the 
pipe, Ry is the thermal resistance of the pipe wall, Rjns is 
the thermal resistance of the insulating layer, and Roy is 
the thermal resistance of the outer surface of the insulation. 

Usually R,, and Ry are disregarded due to their smallness. 
The remaining quantities are given by 


1 dns 
Rins= Thine O roe ’ (8.41) 
1 
Rout = Hd oat , (8.42) 
Gout © 14.64 7V var (8.43) 


where Ans is the thermal conductivity of the insulation, 
W/(m-K), cut and di", are the outer and inner diameters 
of the insulation, @oyt is the thermal conductivity of the 
outer surface, W/(m?-K), and v,,, is the velocity of air, m/s. 
The thickness of insulation corresponding to admissible 
heat loss is calculated as follows. 
First 


? 


—t 
R= 
q 


is determined. Then 
R, = Rins + R, + Rout 


is calculated, where R,,,, R,and Ro, are the thermal resis- 
tances of insulating layers, coating and the outer surface 
of the insulation respectively, related through‘ the follow- 
ing formula: 


Ring = Ri — (Ro + Row) = Ri — m. (8.44) 


The value of m is taken at 10-20% of R. 
Using the relation 
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gout 
we can find In —2° and ding/ding, and then 
ins . 


qin qout 
Sins = aaa ( an _ 1) . (8.45) 


ins 


8.5.2. Problems 


8.27. Determine the pipe diameter of the branched heating 
system shown in Fig. 8.2. The flow rates of the heat-transfer 
agents in different parts G,; = 100 t/hr, G, = 200 t/hr and 
G, = 300 t/hr. The lengths of the segments /J,, = 500 m, 
I,, = 400 m, 1,, = 600 m, J,, = 300 m and /;, = 400 m. 
The local pressure drops on the segments are given by the 
equivalent lengths lego; = 81 m, leqsy = 59 m, leqys’ = 
54M, legyg=73m, and legs; =77 m. The admissible pres- 
sure drop in the main line Apy, = 0.15 MPa. 

Solution. We start calculations with determining the di- 
ameter of the most remote segment 4-3. 

A. Preliminary calculations 

We find 


a=0.01 VG=0.01 VY 300-+ 200 +100 =0.25, 
Then we calculate 


_'p  _ APop iOS K108 
Ris= Rios = Tos A-ha) 1800 U-0.35) = 80 Pa/m. 
The average density of water for the region 4-3 under rated 
conditions (ft, = 150 °C) should be taken equal to 920 kg/m® 
(see Appendix 8). 
We calculate the diameter by formula (8.37): 


400 000 
0.00059-0475 ( 3600 


9209-19 899-19 


B. Test calculation 

We choose the diameter of the tube according to TOCT !: 
dout X S = 194 X 5. 

The inner diameter of the tube on the segment 3-4, accord- 
ing to TOCT, is 184 mm. 


aa 
dys = 0.63 = 173.52 10-3 m. 


1 TOCT is the Russian notation for the state system of standards 
adopted in the USSR. 
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The actual pressure drop A; per unit lenyth for dj, = 
184 mm is calculated by the formula 
R,=0,0894 2 

i= a’ * gee25y ’ 


which gives R, 43 = 78.67 Pa/m. 

The reduced length Jreq = X43 + ee «3 = 600 + 54 = 
654 m. 

The actual pressure drop is then 


APus ac = Riac.trea = 18.67 X 654 = 51.45 kPa 
or 


3 
AH az BP. 4-45 x 10 


pe 9209.81 =5.7 m, 


By analogy, we calculate the segments 5-4 and 0-5. 


Segment 5-4: Segment 0-5 
ds, = 274.28 mm, dos = 364.91 mm, 
drocr = 309 mm (825 x 8 mm), drpoct = 359 mm (377 x 
x 9 mm), 
Rj.ac.54 = 46.2 |Pa/m, Rj,ac.os = 83.97 Pa/m, 
Aps, = 21.2 kPa, _Apos = 48.786 kPa, 
AH;, = 2.34 mH,0, Ay; =-5.4 m. - 


The results of calculations are complied into Table 8.3. 
After this, the diameters of branchings are determined. 


Table 8.3 
“2 bac Preliminary ion - 
5 or to calculation Test calculation 
| a ie 
Qo i= L~ F 
2 ao|° § g 
=s (E@la8le| s | a lel = lelal & |e 
° ee | we Aa 2) Ay 5 = 
os |8slesia} = | 2 |[Ss) + Jal sl « Ja 
Zz mel|Aag|d| a J ojos] & |S|Fl 4 4 
Main line 
4-3 100 | 600 80)173.52 | 184 
5-4 300 | 400 80/273.52 | 309 
0-5 600 | 500. 80}/364.91 | 359 
Branchings 
- 00 | 400 |/5.7/£02.96 |228.647] 259] 51.9 | 73/473| 24.55 | 2. 4 
5-1 300 | 300 [8 .4)193.72)231,87 | 259 |116.73] 77/377| 44.007|4.87 
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We calculate segment 4-2. 
A. Preliminary calculation 


A Pas = APog— APog = 121.43 — (48.7564 24.2) 


= 01.48 kPa, 
51.48 X 103 
AH =~ 995 COST =9.7 m, 
Ape SAAB 109 ae 
ue= Wate (1--a) "G00 (1-£ 0.25) _ = 102.96 Pa/m, 
( 200 000 ys 
dy,= 120 x 10-8 a aahts — = 228.647 x 10-3 m, 


B. Test calculation 
droct = 299 mm (273 x 7), 
Rig = 51.9 Pa/m, 
lrea = 473 m, 
Apyg = 91.9 X 473 = 24.55 kPa, 


_ 2455x108 
Ata —gp x 961 207m. 


Segment 1-5 is calculated in a similar way. 
A. Preliminary calculation 
Apys = 72.65 kPa, 
AAs = 8.04 mM, 
fty45 = 193.72 Pa/m, 
dy, = 231.87 xX 10-3 m. 


B. Test calculation 


drocr = 209 mm (273 X 7); 
Riys = 116.73 Pa/m; 


lrea = 377 mm; 
Apis = 116.73 X 377 = 44.007 kPa; 
AH, = 4.87 1. 


The results of calculations are compiled into Table 8.3. 

8.28. Using the conditions of Problem 8.27, determine the 
operating conditions of the heating system for segment 4-2. 
The procedure of determining the limiting velocity is descri- 
bed in Sec. 41, formula (1.47). 
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Answer: The rated velocity of water on segment 4-2 v,, = 
1.055 m/s. 

The limiting velocity vjjm = 0.23 m/s. 

Consequently, the heating system operates in the region of 
quadratic law of pressure loss, i.e. the water flow is tur- 
bulent. 

8.29. Calculate the diameters of the tubes of a steam pipe- 
line if the following parameters are known (Fig. 8.3): Jo.5 = 


Do3= 9.99 ky /sec D,=6.66 ky/sec 


Dy = 3.35 kg /sec 


2 
Fig, 8.3 


600 m, Js, = 1000 m, /;, = 400 m. The flow rates of the 
heat-transfer agent at the consumers are D, = 6.66 kg/s and 
D, = 3.33 kg/s. The steam pressures at the consumers are 
P, = 0.539 MPa and p, = 0.588 MPa. The steam pressure 
at the station p, = 0.686 MPa, and temperature t, = 
240°C. The temperature drop in the system is assumed 
to be 2 °C per 100 m. The local pressure are given by 
equivalent lengths leq 93 = 38 m and 
leq 33 = m. 

Answer: dj, = 359 mm,@,, = 408 mm, dz, = 259 mm. 

8.30. Determine the possible elongation of a steel pipe- 
line per kilom or the temperature difference (between 
the operating and mounting temperatures) of 100 °C. 

Answer: Al = 1.2 m. 

8.31. Calculate the heat loss per unit length of a non- 
insulated pipe-line laid outdoors, if the following pa- 
rameters are known: the tube diameter is 259 mm, the tem- 
perature of air is-+-10 °C, the average velocity of wind is 2 m/s, 
and the temperature of water in the pipe-line is 150 °C. 

Solution. Using the formula 


91 = (tn — to)/Rout, 
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we find 

gs Shee 

Ndout%out * 

Gout = 11.6-+7V Vay = 11.6-+7V 2 = 21.47 W/(m2-K), 


4 
Rout = SAE XAT X09 = 9-054 (m-K)/W. 


Rout oa 


This givas 
_ 150—10 
11 = 0.054 


8.32. Determine the change in the heat losses in a pipe- 
line operating under the conditions of Problem 8.31, if the 
pipe-line is insulated by a 60-mm layer with the thermal 
conductivity Ais = 0.1 W/(m-K). 

Solution. 


=2590 W/m= 2.59 kW/m. 


Rins= 


gt lo; 
2Mns : 8 qin 
tt Mee 0.259-40.12 _ 
= @xadexod * 108 —“Fy5g = 0.59 (m- K)/W, 
Gout = 21.47 W (m?-K), 


4 
Rout = “SAE X0.379 XAT 0-039 (m-K)/W, 


R,=0.59-+0.039 = 0.629 (m-K)/W, 
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8.33. Determine the thickness of insulation for a steam 
pipe-line laid outdoors. The diameter of the pipe-line is 
219mm, the temperature of steam is 270 °C, and Ans = 
0.103 W/(m-K). The admissible heat losses per unit 
length gq; = 261 W/m, Gout = 23.26 W/(m?-K), and the 
temperature outdoors is —30 °C. 


Solution. 
Ry= tnate FE td m-K/W, 
Ring = R, _ Rout) 
Fle ee Be 
out © “adout@out 3.14 X 0.219 X 23.26 
= 0,0625 (m-K)/W. 


Then from the relation 


2.3 dns 
Rins= Trthjne 108 =i = Ry— Rout 
ins 
we obtain ; 
qouut =e ‘ “ 
log aims (1.14 orm ax 3.14 x 0.103 0.303, Gout = 
ding : in 


git gout 
Sins = aa | oe 1) = oat (2— 1) =0.108 m. 


9. Internal Combustion Engines 


9.1.4 
The indicated power N, of/an engine, kW, is given by 
Vwnk. 
VA, (9.1) 


where p, is the average indicated pressure, MPa, V,, is the 
working volume of the cylinder, 1, 7 is the rotational speed of 
the shaft, rpm, & is the coefficient that takes into account 
the number of strokes of the engine (k = 0.5 for four-stroke 
engines and k = 1.0 for two-stroke ones), and z is the num- 
ber of the cylinders. 


The average indicated pressure p,, MPa, is expressed ly 


a hi Sd 
P= 080, Im? (9.2) 


where L, is the indicated work of the cylinder per cycle, J, / 
is the area of the indicator diagram, mm?, / is the base of 
the indicator diagram, mm, and m is the pressure scale of 
the diagram, mm/MPa. 

The indicated power can also be determined from the fol- 
lowing formula: 


N, = Qn, (9.3) 


15-0394 225 


where Qy is the heat flux, kJ/s, and 1, is the indicated effi- 
ciency of the engine. 
The effective power of the engine is defined as 
Ne= Ninn, (9.4) 


where 1) is the mechanical efficiency of the engine. It can 
also be determined from the formula 


Vwnkz 
N= . (9.5) 
where Pp, = PiMm is the average effective pressure. 
The torque of a motor M4,,, J, is given by 
Mo, = 9550 , (9.6) 


where JV is the power of the engine, kW, and n is the rota- 
tional speed of the shaft. 


9.1.2. Problems 


9.1. Determine the indicated power of a one-cylinder four- 
stroke internal combustion engine 1410.5/13 for the average 
indicated pressure of 0.67 MPa. The diameter of the cylin- 
der is 105 mm, the stroke of the piston is 130 mm, and the 
rotational speed of the shaft is 1500 rpm. 

Solution. The indicated power of the engine is calculated 
from the formula 

_ PiVwnk 


The working volume of the cylinder is 


Veg =e Sa SKA 5 4.3 1.128 1. 


Then we have 


N= LST XAA2B x 150005 9 44 ry, 


9.2. Calculate the average effective pressure during the 
operation of a 16-cylinder two-stroke Diesel 16]]H23/30 hav- 
ing the effective power of 3000 kW, if the rotational speed 
of the shaft is 850 rpm, the diameter of the cylinder is 
230 mm and the piston stroke is 300 mm. 

Answer: pe = 1.057 MPa. 
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9.3. Determine the average indicated pressure using the 
conditions of Problem 9.2, if the mechanical efficiency of the 
engine is 0.83. 

Answer: p, = 1.27 MPa. 

9.4. Determine the effective power of a six-cylinder four- 
stroke carburettor automobile engine whose cylinder has a 
diameter of 82 mm and the piston stroke of 110 mm, if the 
rotational speed of the shaft is 2800 rpm, the average indi- 
cated pressure is 0.795 MPa, and the mechanical efficiency 
of the engine is 0.85. 

Answer: N, = 55 kW. 

9.5. Calculate the torque of a locomotive engine M50 
having the power 600 kW for the rotational speed of the 
shaft 1400 rpm. 

Answer: 4080 N-m. 

9.6. Determine the indicated power of a six-cylinder 
four-stroke Diesel engine 64H15/18 cylinder 


a rotational speed of the shaft of 1500 rpm. The indicator 
diagram obtained as a result of indexing the engine has the 
area_of, 2000 mm? and the pyessure scale 12 mm/MPa, its 
base being 180 mm. 

Answer: 221 kW. 

9.7. Find the degree of utilization of a six-cylinder four- 
stroke Diesel engine having the cylinder diameter of 318 mm 
and the piston stroke 330 nim, if the rotational speed of the 
shaft is 750 rpm and the engine operates with the average 
effective pressure of 0.76 MPa. The rated effective power of 
the engine is 882 kW. 

Answer: 85%. 


9.2. Fuel Consumption and Efficiency of an Internal 
Combustion Engine 


9.2.1. Definitions 


The indicated efficiency of an engine is 


gs I NI ek, 


where B is the fuel rate, kg/s, Qj’ is the lower heat value of the 
fuel, kJ/kg, N, is the power, kW, and b, = B/N, is the in- 
dicated specific fuel consumption, kg/(kW:s). 
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The effective efficiency is given by 


N, N, 1 
WG, Sa oa (9.8) 


where 0b, = B/Ne, which is the effective specific fuel con- 
sumption. 

The mechanical efficiency is defined as 

N Ni—AN AN 
tm = eat a1 — 4, (9.9) 

where AN is the power lost due to friction and for driving 
auxiliary mechanisms. 

The indicated specific fuel consumption is 


B 
= ra (9.10) 
The effective specific fuel consumption is defined as 
B 
b=: (9.44) 
9.2.2. Problems 


9.8. “Determine ‘the effective efficiency of an engine con- 
suming, per hour 82 kg of diesel fuel with the lower heat va- 
lue of 42500 kJ /kg. The power of the engine is 880 kW. 

Answer: je = 41%. 

9.9. Find the effective specific fuel consumption of an en- 
gine whose effective efficiency is 40% and the lower heat 
value of the fuel is 42 000 kJ/kg. 

Answer: b, = 0.241 kg/(kW-hr). 

9.10. Determine the fuel saving in kg/hr due to the re- 
placement of a carburettor engine by a Diesel engine having 
the average power of 100 kW. The efficiency of the carburet- 
tor engine is 28% and that of the Diesel engine, 36%. As- 
sume that the heat of combustion is 43 500 kJ/kg for petrol 
and 42 500 kJ/kg for Diesel fuel. 

Answer: 6 kg/hr. 

9.11. Calculate the fuel rate and heat consumption per 
cycle for a six-cylinder four-stroke Diesel engine having the 
effective power of 736 kW and the rotational speed of the 
shaft of 740 rpm, if the specific fuel rate is 224 g/(kW-hr). 
The heat of combustion of the fuel is 42 300 kJ/kg. 

Solution. The hourly fuel rate by the engine is 


B = b.N, = 736 X 0.224 = 165 kg/hr. 
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The fuel rate per cylinder is calculated as follows: 


B 165 
Bw=+—- te = He =~ ==0.458 kg/min. 


The fuel rate per cycle (taking into account that the crank- 
shaft of a four-stroke engine performs two revolutions a 
working cycle) is 

__ Be-2 __ 0.458 X 2 
b= a7 ii 00124 kg. 


The heat rate per cycle is 


Ge = 0.Q% = 0.00124 x 42 300 = 52.5 kJ. 


9.12. Determine the 
stroke ee operating at a rotational ae Nof the shaft of 


working cycle/ is 0.615 g, and the effective efficiency of the 
engine is 375%. 

Answer: N. = 1470 kW. 

9.13. Determine the effective specific fuel rate and 
the effective efficiency of an engine according to the results 
of a test, if the current and voltage of a three-phase genera- 
tor connected directly to the engine are 170 A and 330 V 
respectively for cos p = 0.8. The efficiency of the generator 
is 0.89. The hourly fuel rate of the engine is 21.3 kg at the 
lower heat value of 42 300 kJ/kg. 

Answer: b, = 244 g/(kW-hr), n. = 34.8%. 


9.3. Heat Balance of an Engine 
9.3.1. Definitions 


The heat balance of an engine is described by the following 
relation: 


Or = Qe =e Qcoo1 + Qe ae Qch + Qother (9.12) 


where Q; is the heat supplied by the fuel, Qei is the heat equi- 
valent to the effective (useful) work, Qo is the heat removed 
by the cooling system, Q, is the heat removed by waste 
gas, Qon is the heat lost due to chemical incompleteness of 
combustion, and Qotner are other heat losses. 
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The heat-balance equation can be written in the following 
form: 


Ge + Yeoo1 + Urs + den + Vother = 100%, (9.13) 


where Jo= St 100%, i= Pose 100%, etc. 


If we assume that Q; = BOY, where B is the hourly fuel 
rate, kg/hr, and Qj’ is the lower heat value of the fuel, kJ/kg, 


we obtain 
Qe = 36000 ., (9.14) 


where JV, is the effective power of the engine, kW. 

The heat Q,o01 transferred to the cooling system is given by 

Qcoor = We (t" — #’), (9.45) 

where W and ¢ are the rate, kg/hr, and the specific heat, 
kJ/(kg-K), of the cooling liquid, ¢’ and t” are the tempera- 
tures, °C, at the inlet and outlet of the engine. 

The heat Q, entrained by waste gas is calculated as fol- 
lows: 


Qg = Ggtgte — GarrCairtairs (9.16) 
where G, and Gai, are the flow rates of gas and air, kg/hr, 
Cg and cay, are the specific heats of gas and air at constant 
pressure, kJ/(kg-K), t, and t,;, are the temperatures of 
waste gas and air, °C. 

The gas rate is given by 
G, =G, B, 
where G,_ is the amount of gas liberated during combustion 
of one kilogram of fuel. 
The air flow rate is 
Garr = aGair,B, 


where @ is the excess air coefficient, Garr, is the theoretical 
amount of air required for combustion of one kilogram of 
fuel, kg/kg. 

The heat lost due to chemically incomplete combustion of 
fuel is significant only for carburettor engines in which waste 
gas contains a considerable amount of carbon monoxide (CO). 

In this case, we have 


Qch = Qch,B: (9.17) 
where Q¢n, is the heat lost due to chemical incompleteness of 
combustion of one kilogram of burnt fuel, calculated from 
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the following formula: 


Cw+0.375S% 


Qcho => 237.5—@o, 50, > 


(CO-+0.85H, + 2.8CH,), (9.18) 


where C” and S¥ are the contents of carbon and (volatile) 
sulphur in the working mass of the fuel, %, CO,, = CO, + 
CO + CH, is the total amount of carbon dioxide obtained 
by taking into consideration the after-burning of CO 
and CH,, %, CO, H,, and CH, are respectively the contents 
of carbon monoxide, hydrogen and methane in the combus- 
tion products, %, and SO, is the content of sulphur dioxide 
in combustion products, %. 
Other heat losses are calculated by the formula 


Qother = Qr a Qe ar Qcool ag Qe + Qen)- (9.19) 


9.3.2. Problems 


9.14. A 300-kW internal combustion engine consumes a 
fuel with the lower heat value of 42 400 kJ/kg at the effective 
efficiency of 38%. The air consumption is 24 kilogram per 
kilogram of fuel supplied to the engine. Determine (in per 
cent) the heat lost with waste gas and in the cooling system 
in the case of complete combustion of fuel, if the temperature 
of exit gas is 450 °C and its specific heat cg = 1.15 kJ/(kg-K). 
The temperature of air is 20°C. Other heat losses can be 
neglected. 

Solution. The fuel rate of the engine is 


_ 3600Ne _ 3600300 _ 
B=~ on 0.38% 42400 ~ °7 kg/hr. 


The useful heat of the engine is calculated as follows: 
Qe = BOY Ne = 67 X 42 400 x 0.38 = 1 080 000 kIJ/hr. 
The heat lost with waste gas is 
Og = Ggtgty — GarrCarrtarr = 67 1(24 + 1) x 1.45 


x 450 — 24 x 1.013 x 20] 
= 834 000 kJ/hr. 
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The heat lost in the cooling system amounts to 
Qcool az BOY = Qe ae Qe) = 67 x 42 400 
— (4 080 000 + 834 000) = 926 800 kJ/hr. 

Thus, the heat losses are 

(a) with waste gas 


834 000 x 100 
I¢= oan 100 = er = 29.4%, 


(b) in the cooling system 


926 800 x 100 
{cool = ae 100 = 3840000 32.6%. 


9.15. Using the conditions of Problem 9.14, calculate the 
consumption of cooling water for the engine if water in it is 
heated by 10 °C. 

Answer: 22100 kg/hr. 

9.16. Determine the heat of fuel (in per cent) lost due to 
chemical incompleteness of burning, if the composition of 
the fuel by working mass is as follows: C” = 86.0%, H” = 
13.5%, O” =0.4% and WY =0.1%. The CO, con- 
tent in flue gas is 6.0%, while the CO content amounts to 
3.5%, and there are no other products of incomplete com- 
bustion. 

Answer: 20.2%. 

9.17. Determine the components of the heat balance for 
an internal combustion engine using the results of its test- 
ing. At the effective power of 55 kW, the engine consumes 
during 45 min 10.6 kg of fuel having the low heat value of 
42.350 kJ/kg. The cooling water flow rate in the engine is 
1.5 kg/s. The temperature of cooling water increases in the 
engine by 8.2 °C. 

Answer: de = 33%, Gcoo1 = 31%, Vg = 36%. 

9.18. For recovering the heat of exit gas in a Diesel en- 
gine, a recovering boiler having the capacity of 1000 kilo- 
gram of steam per hour, pressure 1.0 MPa and temperature 
280 °C is installed. The temperature of water entering the 
boiler is 60 °C. Calculate the amount of recovered heat (in 
per cent) of fuel, if the effective power of the engine is 
1480 kW and its effective efficiency is 35%. 

Answer: 18%. 
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10. Steam and Gas Turbines 


10.1. Characteristics of the Working Process 
in Turbines 


10.1.1. Definitions 
The actual velocity of steam or gas at the nozzle exit is 
Cac = Plt» (10.4) 


where 9 is the velocity coefficient of the nozzle (p ranges 
between 0.92 and 0.98). 
The actual flow rate of steam or gas through the nozzle is 


Mac = mt, (10.2) 


where p is the rate coefficient (u = 0.91-0.97). 
The total available heat drop for a stage of a steam or gas 
turbine, kJ/kg, is 


hy=t—i, + 93, (10.3) 


where ¢, is the velocity of steam or gas in front of the noz- 
zles, m/s. 

The total available heat drop for a stage of a gas turbine 
can be determined from the formula 


h-1 


hy= "a Rr, [1 a (2)" J ; (10.4) 


where 7’, is the initial temperature of gas in a stage of the 
turbine, taking into account the initial velocity. 

The theoretical work per kilogram of the working fluid 
passing through the blades of the turbine is given by 


Ll, = u (ec, cos a, + cy cos a) = u (w, cos B, 
+ we cos B.), (10.5) 


where wu is the circular velocity of a blade, m/s, c, and c, 
are the absolute velocities of steam or gas at the inlet’ and 
outlet of the blade, m/s, a, and a, are the angles between 
the velocity vectors c, and c, and the plane of the blade wheel 
of the turbine, w, and w, are the relative velocities of steam 
or gas on the inlet and outlet of a blade, m/s, B, and f, are 
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the angles between the velocity vectors w, and w, with the 
plane of the wheel, which at the same time are the angles of 
the inlet and outlet edges of the blade. The values of the 
angles a,, %, B,, and B, are determined by constructing the 
velocity triangles for a turbine stage. 

The relative velocity w, of the flow at the inlet on the 
blade is 


w= V c? + u?— Que, cos a, (10.6) 


where u = xdn/60, m/s, which is the circular velocity of the 
blade located on the middle diameter d, m, and rotating at 
the same speed nm, rpm, as the shaft has and a, is the angle 
of inclination of the nozzle to the plane of the wheel, or the 
angle between the velocity vector c, and the plane of the 
wheel. 
The relative velocity w, at the blade outlet in the impulse 
stage is 
We = pw, (10.7) 


where tp is the velocity coefficient for a blade (p = 0.8-0.9). 

In the reaction stage, the heat drop in the nozzles is h,, and 
on the blades h;,, which gives the following expression for 
the total heat drop: 


ht = hey + hte — to == tos 


where i, is the enthalpy after the adiabatic expansion in 
the stage to the pressure at the blade outlet of the reaction 
stage, kJ/kg. 
Then the coefficient of reactivity of the stage is 
h 
P= ie e (10.8) 


Consequently, hy, = hy (1 — p) and hy, = Mp. 
The velocity of the steam or gas at the blade inlet of the 
reaction stage is given by 


es 2 
= 44.80 V" (lo— tn) (10) + (aig) 
The relative velocity at the blade outlet is 


(40.9) 


= 44.8) Vp (io— ig) + (aim). (10.10) 
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10.1.2. Problems 


10.1. Determine the velocity, pressure and temperature of 
steam at the nozzle exit of the impulse stage of a steam tur- 
bine if the parameters of steam in front of the nozzles are 
4.0 MPa and 370 °C. The adiabatic heat drop in the stage is 
209.5 kJ/kg. The velocity coefficient for the nozzle = 0.95. 

Solution. Using the given heat : 
drop and the velocity coefficient, we 
determine the actual velocity of 
steam at the exit: 


c= 44.8 eVin— ty = 44.8 
x 0.957 209.5 = 615 m/s. 


The parameters of steam at the 
nozzle exit are determined with the 
help of the i-s diagram, taking into 
account the irreversibility of steam 
expansion in the nozzles (Fig. 10.1). 
The given initial parameters corre- 
spond to the enthalpy of the steam 
iy = 3140 kJ/kg. Since the theoreti- 
cal heat drop h,=209.5 kJ/kg, the Fig. 10.1 
steam enthalpy at the end of the 
reversible adiabatic expansion will be h, =i, —hy = 
3140 — 209.5 = 2930.5 kJ/kg. On the i-s diagram, this 
corresponds to the pressure of 1.8 MPa. 

The actual state of steam at the nozzle exit will be char- 
acterized by the same pressure, but the enthalpy will be 
higher by the amount of energy lost in the nozzle, which is 
given by 


Ah = (4 — q?) hy = (4 — 0.95%) X 209.5 = 18.9 kT /kg. 


Consequently, the final parameters of steam p, = 1.8 MPa, 
t, = 260°C and v, = 0.13 m3/kg. 

10.2. Using the conditions of Problem 10.4, calculate the 
nozzle exit section if the steam flow rate is 20 kg/s and the 
rate coefficient p = 0.94. 

Solution. The specific volume of steam at the nozzle exit is 
determined by the i-s diagram and is v, = 0.13 m%/kg. 

The nozzle exit section is 


ears = X01 — 0.0045 m?=45 em?. 
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10.3. Calculate the amount of steam that can be passed 
through a nozzle throat of 1 cm?, if the initial parameters 
of steam are 1.5 MPa and 300°C, and steam is exhausted 
to the atmosphere with the complete expansion to 0.4 MPa. 
The rate coefficient for the nozzle should be taken at 0.95. 

Answer: 219 kg/hr. 

10.4. Calculate the velocity coefficient for a nozzle if the 
parameters of steam in front of it are 1.6 MPa and 450 °C, 
the pressure behind the nozzle is 1.0 MPa and the velocity 
of steam at the nozzle exit is 520 m/s. 

Answer: p = 0.965. 

10.5. Determine the rate coefficient for a Laval nozzle 
with the throat area of 1 cm?, if the parameters of air in 
front of the nozzle are 0.6 MPa and 120 °C, while the pres- 
sure behind the nozzle is 0.1 MPa. The air flow rate through 
the nozzle is 0.413 kg/s. 

Answer: \t = 0.955. 

10.6. Steam leaves a nozzle at an absolute velocity of 
600 m/s and enters the blade wheel at an angle a, = 25°. 
The circular velocity of a blade is 150 m/s. Determine the 
relative velocity of steam entering the blades by construct- 
ing velocity triangle. 

Answer: w, = 470 m/s. 

10.7. The velocity of steam entering the blades of the im- 
pulse stage is 1200 m/s, the nozzle angle is 25°, the velocity 
ratio u,/c, for the stage is 0.25. Determine the loss due to 
the absolute outlet velocity, if the blades are symmetric, 
i.e. B, = B,. The velocity coefficient for blades is p = 0.87. 
The absolute velocity at the outlet of blades should be de- 
termined by constructing the velocity triangle. 

Answer: 174 kJ/kg. 

10.8. Calculate the loss due to outlet velocity under the 
conditions of Problem 10.7, assuming that the velocity ratio 
for the stage u,/c, = 0.45. 

Answer: 99 kJ/kg. 

10.9. Determine the velocity of steam at the blade inlet 
of the reaction stage having the reactivity coefficient of 0.5, 
if the steam parameters in front of the stage are 1.5 MPa and 
300 °C, and the steam expands in the stage to the pressure of 
1.0 MPa. The velocity coefficient for the nozzle is 0.98. 

Answer: 341 m/s. 

10.10. The initial parameters of a gas in front of the noz- 
zles of a gas turbine (taking into account the initial veloc- 
ity) are 0.48 MPa and 1073 K. The pressure behind the stage 
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is 0.26 MPa, the rotational specd of the rotor is 12 000 rpm 
and the gas flow; rate is 20 kg/s. 

Calculate the work of the gas on the blades, the diameter 
of the blade wheel and the velocity of the gas at the inlet 
and outlet of the wheel, assuming fhat the velocity coefficient 
is 0.96 for the nozzle and 0.95 for the blades. The ratio of 
the circular velocity of the blades to the absolute velocity 
of the gas at the inlet is 0.49, the angle of the nozzle is 22°, 
and the outlet angle of the blades is 10° less than the inlet 
angle. The reactivity coefficient of the stage should be taken 
at 0.35. Assume that the working gas has the same proper- 
ties as air has. 

Solution. We determine the available heat drop: 


eit x 287 x 1073[ 1 — (45) SS Jeat124 kJ/kg. 


The velocity of gas flow leaving, the, stage, taking_into 
account the velocity and reactivity coefficients of the stage, is 


c= 944.8V lp) hy ; 
= 0.96 x 44.8- Vi — 0.35) x 172.4 = 455 m/s, 


Using the given velocity ratio for the stage, we determine 
the circular velocity of the blades: 


ule, = 0.49; u = 0.49¢, = 0.49 x 455 = 223 m/s. 


For the given rotational speed of the shaft, we can find 
the diameter of the middle circle of the blades: 


ndn , 7 60u 60223 


u=——- 3 4= I =344x 12000 — 0-355 m. 


The relative velocity at which the gas enters the blades 
is calculated as follows: 


w, = V c2 + u?— Que, cos o, 
If the nozzle angle is a, = 22°, cos a, = 0.927, and hence 


Ww, = V 455? + 2232 — 2 x 455 x 223 x 0.927 = 262 m/s. 
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Now we determine the relative velocity at the blades 
outlet: 


wy = 1p x 44.81/ phy + (az) 
= 0.95 x 44.8 J/ 0.35 x 172.4 + ( ay = 414 mis, 


The angle of the blade inlet, B,, i.e. the angle at which 
the gas enters the blades, can be determined by construct- 


C142 Coy6 9; urs), £0 


Fig. 10.2 


ing ; the velocity triangle for the inlet. On the other hand, it 
can be calculated from the relation following from Fig. 40.2: 


tan B=- — 
where Cy, = ¢, sina, = 455 sin 22° = 455 X 0.375 = 
171 m/s, cy, = c, cos a, = 455 cos 22° = 455 x 0.927 = 


422 m/s. 
This gives 


tan By =p og = 0.86, B= 41°. 


According to the conditions of the problem, Bp, = Bp, — 
10° = 31°. Then sin B, = 0.515 and cos B, = 0.897. 
We can determine the components of the absolute outlet 


velocity. 
Co, = Ww, sin By = 414 x 0.515 = 213.5 m/s, 
Wey= —W, cos By = —414 X 0.857 = —355 m/s, 
Coy = Woy + u = —355 + 223 = —132 m/s. 
Then the absolute velocity at which the gas enters the 
blades is 
C,=V chu +h, =V — 132? + 213.5? = 250 m/s, 
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The work of one kilogram of the gas on the blades is cal- 
culated as follows: 
ete} | wi—w} 45522502, 41422622 
as as ae Meare 2 aa 


= 124 kI/kg. 


10.2. Utilization of Heat in Turbines 
10.2.1. Definitions 


Energy losses in nozzles due to friction and turbulent 
flows of steam or gas, J/kg, are given by 


2 
ha=(1—92) (10.11) 


The energy lost on the turbine blades is 
(a) in the impulse stage 


w? 
hys.=(1—P") (10,12) 
(b) in the reaction stage 
hye. = (r— 1) 3. (10.13) 
The losses due to the outlet velocity are 
hour =. (10.14) 


The efficiency of the blades (if we disregard the initial 

velocity) is 
path= {— otha Pout (10.15) 

For the impulse stage, hy = i) — i,, while for the reaction 
stage hy = hy, + Mt, = (to — 4) + (4h — i). 

The efficiency on the blades, taking into account the ini- 
tial velocity, is 
= ly a =1— ach ey ue ; (10.16) 

uta het 

The losses due to friction and ventilation during rotation 
of the turbine wheel in steam, kW, are calculated as follows: 


Ny, v= [1.0702 + 0.612 (1) dl} p 4, (10.17) 


Nb 
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where 4 = 1.1-1.2 for superheated steam and 1.3 for satu- 
rated steam (for a gas, 4 = 1); p is the density of steam or 
gas, kg/m, d is the diameter of the wheel, measured at the 
average height of the blades, m, z is the number of velocity 
stages of the wheel, ¢ is the pressure ratio of a stage, J is the 
height of the blades, cm, and wu is the circular velocity, m/s. 

The losses due to leakage through the gaps in the seal 
and leakage past nozzles and blades are given by 


fy = Ale h) 5 (10.18) 


where G is the total gas or steam flow rate in a stage and 
G, is the leakage flow rate, kg/s. 
The internal relative efficiency of a turbine stage is 


pat — Pol t bout tact hp v hi 
i= Ce ES ee eee 
0 


q 
ie 


(10.19) 


For a multistage turbine, we have 


i= » hyl Hos 
where H, is the available theoretical (adiabatic) heat drop 
for the entire turbine. 
Mechanical losses due to friction in bearings and due to 
driving auxiliary equipment (oil pumps, control instru- 
ments, etc.) are characterized by the mechanical efficiency 


Nm = N./Ni; Nm Tanges between 0.85 and 0.99. (10.20) 
The relative effective efficiency of the turbine is defined as 


Trees = Trim: (10.21) 


The efficiency, taking into account the losses in an electric 
generator, is given by 


Trg. = NreNes (10.22) 
where 1g is the efficiency of the electric generator (ng = 
0.93-0.97). 

The specific effective flow rate of a working gas, kg/(kW-h), 
is defined as 
3600 
d= NreHy ’ 


(40.23) 
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where H, = ig — ig 4- ¢2/2 which is the total heat drop in 
the turbine, kJ/kg. 
The hourly flow rate of steam or gas is given by 


3600. e 


ne aN % Honr.e. 


(10.24) 


where V. = Nej/ng = Nimm is the effective power, kW. 


10.2.2. Problems 


10.11. Using the conditions of Problem 10.10, determine 
the efficiency of the working blades. 

Answer: 0.72. ’ 

10.12. The parameters of a gas entering a one-stage im- 
pulse turbine (taking into account the initial velocity) are 
0.2 MPa and 650°C. The pressure behind the turbine is 
0.1 MPa. The velocity coefficients for the nozzles and blades 
are 0.97 and 0.96, respectively. The angle of inclination of a 
nozzle is 20° and the angles of blades 8, = B, — 15°. Calcu- 
late the efficiency of the turbine at the blades assuming that 
the velocity ratio for the stage u/c, is 0.48, k = 1.35 and 
R = 288 J/(kg-K) for the given gas. 

Answer: Ny = 0.875. 

10.13. Determine the losses due to friction and ventila- 
tion of a one-ring disc of the impulse stage in steam, if the 
diameter of the wheel is 1000 mm, the height of rotor blades 
is 28 mm, the rotational speed of the shaft is 3000 rpm, 
and the pressure ratio is 0.85. 

Answer: Nyy, = 31 kW. 

10.14. The parameters of steam entering a turbine are 
3.5 MPa and 435 °C, the pressure in the condenser is 4 kPa. 
The internal relative and mechanical efficiencies of the tur- 
bine are 0.85 and 0.99. Determine the steam flow rate in the 
turbine if its effective power is 25 000 kW. 

Answer: 90 t/hr. 

10.15. Determine the steam flow rate in a turbine having 
the effective power of 50 000 kW, if the parameters of steam 
entering the turbine are 10 MPa and 500 °C, and the pres- 
sure in the condenser is 3.5 kPa. The relative effective effi- 
ciency of the turbine is 0.85. 

Answer: 151 t/hr. 
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10.3. Condensers for Steam Turbines 
10.3.1. Definitions 


The heat balance of a condenser is described by the fol- 
lowing equation: 


Dg (ig — ic) = W (bw — tw) Cws (10.20) 


where D, is the amount of steam condensing per unit time, 

kg/s, W is the flow rate of cooling water, kg/s, i, is the en- 

thalpy of the waste steam at the condenser inlet, kJ/kg, i, 

is the enthalpy of the condensate, kJ/kg, t, and ty are the 

temperatures of cooling water at the condenser inlet and 

outlet, “C, and cy is the specific heat of water, kJ/(kg-K). 
The condenser ratio is defined as 


ot a ee 
m= C—i)ew (10.26) 
The heat-transfer equation for a condenser is written as 
Q =D, (iz — ic) = kAlayl, (10.27) 


where & is the heat-transfer coefficient for condenser pipes, 
kW/(m?-K), ig and i, are the enthalpies of the waste steam 
and condensate, kJ/kg, # is the surface of cooling of the 
condenser, m”, and Aig, is the average temperature drop in 
the condenser, defined as 

tt by 


Atay=ts— 2 2 


where ¢, is the temperature of steam in the condenser. 


10.3.2. Problems 


10.16. Determine the cooling surface of the condenser and 
the flow rate of cooling water for a steam turbine whose power 
is 1000 kW and the specific consumption of steam of 5.5 
kg/(kW-hr), if the condenser ratio is 55 kg/kg and the tem- 
perature of cooling water is 18 °C at the condenser inlet and 
23 °C at its outlet. The temperature of steam in the condens- 
er is 32.5 °C, the heat-transter coefficient is 3700 W/(m?-K). 

Solution. The steam tlow rate in the turbine is 


D=dN,=5.5 X 1000 = 5.5 thr. 
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The rate of cooling water is 
W = Dm = 5.5 X 55 = 302.5 t/hr. 


The heat removed by the condenser is calculated as fol- 
lows: 
Q = cyWAty = 4.19 x 302.5 x 10 = 12.67 GJ/hr. 


The temperature drop in the condenser is 


tb, 
Algy=t— = 32,5— 848 95 2C, 
The area of the cooling surface is 
pa? 12.67 x 10° = 400 m2, 


kAtay 3600 X3X700X9.5 


10.17. Determine the condenser ratio for the condenser of 
a steam turbine, if steam enters the condenser under the 
pressure of 3.5 kPa, the degree of dryness is 0.92. The temper- 
ature of cooling water in the condenser increases by 9.5 °C. 

Answer: 56 kg/kg. 

10.18. Determine the flow rate of cooling water required 
for condensing one tonne of steam under the pressure of 
4 kPa and the degree of dryness 0.91. The temperature of 
cooling water increases in the condenser by 9 °C. 

Answer: 58.5 t. 

10.19. Determine the increase in the temperature of cool- 
ing water in a condenser and the area of its cooling surface 
if its ratio is 57.5 kg/kg for condensing 10 t/hr of steam 
with the pressure of 3 kPa and the degree of dryness z = 
0.9. The temperature of water is 8 °C at the condenser 
inlet and 20°C at its outlet. The heat-transfer coefficient 
for the condenser is 3500 W/(m?-K). 

Answer: Aty = 9.2 °C, F = 155 m?’. 


10.4. Combustion Chambers of Gas Turbine Units 
10.4.1. Definitions 


The heat balance equation for a combustion chamber is 
written in the form 


Gig = BiQi' ne. ce + Gatréair + Bris, (10.28) 
where Gy and Ga;, are the flow rates of gas and air, kg/s, By 
is the fuel rate, kg/s, ig and ig,, are the enthalpies of gas at 
the outlet of the combustion chamber and of the air at the 
inlet of the chamber, kJ/kg, i: is the enthalpy of the fuel 
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supplied to the chamber, kJ/kg, and ¢.,, is the efficiency 
of the combustion chamber. 
The heat-release rate of a combustion chamber is defined as 


_ By 
7 Ve.c. : 
where V,,,, is the volume of the combustion chamber, m*. 


10.4.2. Problems 


10.20. Determine the volume of the combustion chamber 
of a gas turbine unit, if its heat-release rate is 36 x 10° W/m? 
and the efficiency is 0.98 for the fuel rate of 0.7 kg/s at the 
lower heat value of 42 000 kJ/kg. 


Answer: Vo... = 0.8 m'. 


10.21. Calculate the fuel rate B; for a gas turbine if the 
air flow rate G,a,;; = 20 kg/s at the temperature tay, = 
20 °C. The temperature of the gas leaving the combustion 
chamber tg = 950°C. The specific heats of air and gas 
should be taken at Chay, = 1.01 kJ/(kg-K) and cp, = 
1.09 kJ/(kg-K). 

The efficiency of the combustion chamber is 0.975. The 
enthalpy of the fuel supplied to the chamber is i, = 
183 kJ/kg (at t, = 90°C). The lower heat value Q! = 
41 500 kJ/kg. 

Solution. Using (40.28) and considering that igi, = 
tarr and ig = Cpt, we obtain 


(10.29) 


a Pate 
Gair (Cpgtg —¢payptair) 

OF Nee. —Cpgtg ttt 

2.5 (1.09 x 950— 1.04 x 20) 
= 71500 X0.075— 1.09 x 950+ 183 9-64 ke/s. 

10.22. Determine the air excess coefficient for the com- 
bustion chamber of a gas turbine using the conditions of Prob- 
lem 10.24, if the theoretical air flow rate is 14.3 kilograms 
per kilogram of the fuel. 

Answer: a = 2.73. 

10.23. A gas turbine unit has the power of 3000 kW at 
the effective efficiency of 0.22 and at the electric generator 
efficiency of 0.96. 

Determine the fuel rate for the lower heat value of the 
fuel of 41 000 kJ/kg. 

Answer: 1250 kg/hr. 


B= 
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ll. Steam Power Plants 


11.1. Operating Conditions Indices 
41.1.4. Definitions 


A steam power plant is intended for generating thermal 
and electric power as a result of utilization of the chemical 
energy of fuel. 

Depending on the end product, steam power plants are 
subdivided into condensation power plants which mainly pro- 
duce electric power and heat-electric generating plants (ther- 
moelectric power plants) which produce and supply thermal 


i Vdd Vdd Ld 8760 Ar 


Fig. 11.1 


power to consumers in addition to the electric power. In 
the latter case, thermal power is obtained from the heating 
steam extraction (for condensing turbines) or from the back 
pressure steam bleeding (for reaction turbines). 

A typical feature of electric power plant is the exact cor- 
relation between the production of thermal and electric 
power and its consumption. The time variation of power 
consumption can be represented in graphical form. There are 
daily, monthly or yearly graphs of loading. 

Using the typical graphs for summer and winter days, 
the yearly graph of loading can be plotted (Fig. 11.1). The 
characteristics of operating conditions are determined from 
loading graphs and statistical data. The area hounded by a 
yearly graph of loading is proportional to the annual con- 
sumption (production) of electric power: 


Eb car = Fm, (11.4) 
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where F is the area bounded by the loading versus time 

graph, mm?, and m is the scale of the graph, kW-hr/mm?. 

The effectiveness of utilization of*the rated power of a 

plant is estimated by the utilization factor of installed 
power: 

p m 
yea eeete a (11.2) 
nin xs760 WR 


and by the number of hours of utilization of installed power: 


Tin F¥ear (11.3) 
n>, 
Nip. 
The ratio of the mean load N™ of a power plant to the 
maximum load N ™@* is called the load factor: 


™m 
be Ny.p. 


k= vane (14.4) 


The ratio E¥ear/Npp. is called the number of hours of 
utilization of maximum power: 


EO ear 
p.p. 


I'max= 


The ratio of the installed power of an electric power plant 
to the maximum load is called the reserve factor: 
i 
_ Np. 
T a * 
Np 


(11.6) 


11.1.2. Problems 


11.1. Three 50-MW turbogenerator sets are installed on 
an electric power plant. The maximum load of the plant is 
140 MW. The yearly loading curve for the power plant is 
shown in Fig. 11.1. Determine the annual production of elec- 
tric power and the operating indices for the power plant. 

Solution. The installed power of the electric power plant is 


Npp. = 3 X 50 = 150 MW. 


The annual output of electric power is determined by the 
area bounded by the loading curve. 
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Then the electric energy produced in 8760 hr (per year).is 
Evyear = 855-108 MW-hr. 


The mean load of the electric power plant is 


Nt .= lies = 855 x 108 = 97.6 MW. 
The load factor is given by 
hes wae — 278 _ 0.697, 
The installed power utilization factor is 
by Ge = gy 0.85 


The reserve factor is 


Ni 450 : 
hem ane Ta = 107, or eS peo 107. 


The number of hours of using the maximum load is 


EY 855 x 108 
__ “year 
/ ea ymax Ti — = 6110 hr 
p. 


EX 855 x 108 
_ “year 
Pin yin 0 — = 5700 hr 


11.2. Calculate the reserve factor for an electric power 
plant if the load factor k, = 0.75 and the installed power 
utilization factor k, = 0.625. 

Answer: k, = 1.2. 

11.3. Calculate the electric energy produced per year by 
an electric power plant, if it was found with the help of the 
loading curve that 


m= 1x 10° kW. 


Answer: ee cae = 8.76 x 40° kW-hr. 
11.4. Determine the time (in hours) of installed. pqwer 


utilization if the energy Lear produced per year by art 
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electric power plant having the power Np'p, = 1 X 10°kW 
is 6.5 x 10° kW-hr. 

Answer: Ti, = 6500 hr. 

41.5. The maximum load Np'5* on an electric power 
plant is 500 000 kW, the time of maximum loading Tmax is 
7000 hr. Determine the annual output of the electric power 
plant. 

Answer: F¥car == 3.5 X 10° kW-hr. 

11.6. The annual electric energy output Eyear = 
1032 kW-hr, the time of installed power utilization T,, = 
5000 hr. Determine the additional electric energy output 
required if the time of installed power utilization increases 
by 1%. 

Answer: AE¥eay = 10!° kW-hr. 

11.7. Using the conditions of Problem 14.6, determine 
the power of electric power plants which should be required 
for attaining the same effect (for producing AF Year == 
10% kW-hr) and the additional investments, if the capi- 
tal outlays per kilowatt of installed power amount to 
100 rubles. 

Answer: ANh'y. =: 2 X 10° kW, AK - 200 x 108 rubles. 


11.2. Thermal Layout Diagrams 


11.2.1. Definitions 


A thermal Jayout diagram is a graphical representation of 
electric power plant equipment and connections between its 
units with respect to steam and water (condensate). A schem- 
atic thermal diagram gives an idea about the technological 
process of energy transformation. It is the main design dia- 
gram of the thermoelectric power plant. 

Figure 11.2 represents a schematic thermal diagram of an 
industrial thermoelectric plant with turbines 7. Steam is 
delivered from boilers 7 to steam turbines 2. Steam extracted 
from the turbines is used for heating feed water in low- 
pressure heaters 5, de-aerator 6 and high-pressure heaters 9. 
Steam from controlled extraction is used for heating system 
water in the main heater 77. 

The waste steam from the turbine is delivered to condens- 
er 3, where it condenses and is pumped by condensate pumps 
4 through the low-pressure heater to de-aerator 6. Water is 
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fed from the feed tank 7 by pump 8 through the high-pressure 
heater to the steam boiler. 

Continuous-blowdown water is fed to flesh tank /4. Secon- 
dary boiling steam is delivered from the flesh tank to the 
extracted steam collector, and water is used for heating 
main water in heat-exchanger /8. Steam for industrial heat 
consumers is obtained from cooling pressure regulator 12. 


Vig. 11.2 


From this unit, steam is delivered to peak heaters 73 where 
system water that had passed through main heaters is heat- 
ed to the rated temperature (150 °C). After chemical water 
treatment 76, make-up water is fed through main water heat- 
er 15 to de-aerator 6. The flows of steam and water (con- 
densate) for all sections are determined on the basis of design 
diagram calculated for typical operating conditions. 

The results of thermal analysis are used for selecting 
auxiliary equipment of a steam power plant and for com- 
piling steam and water balance of the power plant. 

Basic equations for individual units of a thermal diagram 
are the material- and heat-balance equations. For determin- 
ing the area of heating surface, the heat-transfer equation 
is used (see Secs. 1-3 and 7). 
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The amount of steam produced in boilers, Dy, is the sum 


of the amounts of steam consumed in turbines >)D,, in 


cooling pressure regulator >)D£?"", and for boiler own needs 


Sper 
& D,= 2) Dp +> DP" +S DE™. (11.7) 


The amount of steam consumed per unit time in a turbine 
under the rated load can be determined from the specific 
consumption of steam and energy output: 


D, aa ks.n. p> Dan. + (4 —2) d,E + pa yDest], (11.8) 


where y is the incomplete utilization coefficient for steam, 
ks. is the coefficient taking into account the amount of 
steam required for heating feed water, which ranges be- 
tween 1.12 and1.25; D,.,, is the steam flow rate under no- 
load, kg/hr; x is the no-load coefficient, which ranges be- 
tween 0.07 and 0.15, d, is the specific consumption of steam, 
kg/(kW-hr), EF is the amount of energy produced per hour 
of turbosets operation, kW-hr, and D,,, is the consumption 
of steam extracted from turbines, kg/hr. 

The no-load steam rate D,,.;, is determined from the steam 
consumption at the rated power N,, kW: 


Dy.1, = xD, = 2d,N,. (11.9) 


The coefficient y of incomplete utilization of steam en- 
thalpy is calculated from the available heat drop in the 
turbine and the enthalpy i,,; of steam extracted from the 
turbine (i.x_ corresponds to the pressure at the extraction): 

(a) when losses are disregarded, 


(lit Sastinaee 2 (41.10) 


(b) when internal relative losses in the turbine are taken 
into account, we have 
hens. 
yy=1— —, 14.14 
Ws FAonr.s, ( ) 
It can be assumed in calculations that the internal rela- 
tive efficiency of a high-pressure section (before extraction), 
Nr-1.. is equal to the internal relative efficiency y,,;. of the 
entire turbine. This gives 


hy 


i (41.12) 


y=1l— 
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The parameters and flow rates of steam in heaters 5, 9, 
and de-aerator 6 are determined from the temperatures t’ 
and ¢” of water before and after the corresponding heater 
and from the water flow rate. 

A given temperature ¢;,y, of feed water before entering 
the steam boiler and the saturation temperature ¢, of steam 
under the pressure in the condenser give the temperature 
difference t; yw, —t,. In the tract from condenser to boiler 
water should be heated by this value. It is assumed that 
water is heated by the same temperature in each heater. 
For example, if we have n heaters, water is heated in each 
of them by 


Ati, = (11.13) 


Thus, we have 
tin = tn + Atin. (14.14) 


The pressure of extracted steam should be such that the 
saturation temperature corresponding to this pressure is from 
5 to 10° higher than the temperature to which water is 
heated in a given heater: 


teat 1 = tin + (5-10). (11.15) 


The steam flow rate D; is determined from the heat-balance 
equation: 
G; (tin — tin) Cw = Di (in — tc) Mh (41.16) 


where i; is the enthalpy of steam in the corresponding ex- 
traction, kJ/kg, i, is the enthalpy of condensate under the 
pressure of extraction, kJ/kg, and yp is the efficiency of the 
heater equal to 0.98. 

The flow rates G, and Gy. of steam and water from the 
flesh tank are determined by solving the material- and heat- 
balance equations for flesh tank 74 (Fig. 411.2): 


Gy.w. = Gw.t, + Dst.5 (14.17) 


Gy.w.tnw. = Gwettw.t. + Ds.t, ts.tes (11.18) 
whence 


Ds.t, = Gyw. (in.we — bwot./(is.t. — iwor.), (411.19) 
Gw.t, = Gp.w. a Dag.t.; (11.20) 


where ip w, and iy.:, are the enthalpies of water in the boiler 
and in the flesh tank, kJ/kg, i;., is the enthalpy of steam 
for the secondary boiling under the pressure of flesh tank, 
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kJ/kg and Gy. wy, is preset (or assumed) in per cent of steam 
capacity. 

The amount of live steam D§{?* consumed in the cooling 
pressure regulator is calculated from the flow rate of steam 
with reduced pressure, which is delivered to consumers. 
For this purpose, the material- and heat-balance equations 
are written for the cooling pressure regulator 72, and the 
amount of water required for moistening and the steam flow 


rate D¥?™ are calculated: 


Drea = DE”™ (2p + 1); (41.24) 
whence 
C.p.r. Drea 
Dye = “Goi! (11.22) 


where z is the amount of water required for moistening of one 
kilogram of steam at reduced pressure, kg/kg, and @ is the 
fraction of water being evaporated in the cooling pressure 
regulator, which ranges between 0.7 and 0.9 


= i, —ired ‘ 
act ® (irea — ip.p.w.) + (ip. p.w. — ifaw.) (11.23) 


Here i,, trea: tr.p.w. and ip.w, are the enthalpies correspond- 
ing to steam, steam under reduced pressure, water under 
the pressure in pressure regulator and feed water respectively, 
kJ/kg. 

The net flow rate of feed water in the steam pressure regu- 
lator is given by 


Gtiw. = 2D5P". (11.24) 


The diameters of pipe-lines and the heads produced by 
pumps are determined in accordance with recommendations 
given in Sec. 1. 


11.2.2. Problems 


11.8. Determine the hourly steam flow rate in a turbine 
having the rated power of 25 000 kW and operating with 
steam at the pressure of 90 kgf/cm? and temperature of 
535 °C. The pressure in the condenser p, == 0.04 kgf/cm?. 
Heating steam extraction supplies 100 t/hr of steam at a 
pressure of 1.2 kgf/cm”. The steam required for regenerative 
heating of feed water amounts to 18.5% of the steam flow 
rate in the turbine. The efficiencies of the turbine are y,;; = 
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0.8%, Nm = 0.96, ne = 0.97. The no-load coefficient 
z= 0.1. 

Solution. The flow rate of steam in the turbine is calcu- 
lated from (11.8). 

Using the i-s diagram, we can getermine the enthalpies of 
steam at the beginning and at the end of expansion in 
the extraction stage: 


i, == 8477.7 kJ/kg, 
ing = 2082.15 kJ/kg, 
iext. a == 2472.1 kJ/kg, 
Hy = 3477.7 — 2032.15 == 1445.55 kJ/kg, 
hi, = 3477.7 — 2472.2 = 1005.6 kJ/kg. 


The specific consumption of steam is 


3600 3600 
tr Hotritinng 1445.55 x 0.8 x 0.96 x 0.97 


= 3.341 kg/(kW-hr). 
The no-load steam flow rate amounts to 
Dy, = cd,N, = 0.1 X 3.384 x 25 x 10® = 8350 kg/hr. 
The flow rate of steam proportional to the electric energy 
output is given by 
(1 — 2) d,F = (1 — 2x) d,N,t = (1 — 0.1) 3.34 x 25 
x 108 x 1 = 75 150 kg/hr. 


We determine the coefficient of incomplete utilization 
of steam 


1005.6 
hh 1 — 4775.55 = 9.305. 
Then 

yD ext = 0.305 x 100 x 10? = 30500 kg. 


Consequently, the steam flow rate in the turbine is 
D, = 1.185 (8350 + 75 150 + 30 500) = 135 090 kg/hr. 


11.9. Using conditions of Problem 11.8, calculate the 
specific consumption of steam at the rated electrical load and 
the rated heating steam extraction. 


Answer: di* = 5.4 kg/(kW-hr). 
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11.10. Using conditions of Problem 11.8, determine the 
steam flow rate in the turbine for condensation regime 
(without heating steam extraction). 

Answer: D§ = 98.53 t/hr. 

11.11. Calculate the hourly steam rate for T-100-130 
turbine if the heating steam extraction D.,, = 310 t/hr at 
the pressure Pex, = 1.2 kgf/cm?. The steam required for 
the regenerative heating of feed water amounts to 20% of 
the steam rate for the turbine under the rated electrical load 
and, rated heating steam extraction, and 4,4 = 0.87, 
YmNg = 0.95. 

Answer: Dy, = 445 t/hr. 

11.12. Steam pressure regulator POY9Y0/8 is installed on 
a steam power plant to reserve steam extracted from P-12-90/7 
turbine for commercial consumers. Determine the flow rate 
of fresh steam at a pressure up to 90 kgf/cm? and tempera- 
ture 535 °C required for obtaining 86.5 t/hr of steam with 
pressure reduced to 8 kgf/cm? and temperature 240 °C. The 
feed water temperature is 104 °C, @ = 0.8. 

Solution. The schematic diagram of a cooling pressure reg- 
ulator 72 is shown in Fig. 11.2. The flow rates of steam and 
water indicated in the figure are connected through the 
following relation: 


+P.t. __ Drea 
Br (zp+4) ° 
Let us calculate z: 
a i, — irea 
@ (trea ir.p.w.) + (ir.p.w.—it.w.) ° 


Using the conditions of the problem, we find that 
i, = 3477.7 kJ/kg, 
tired = 2918.81 kJ/kg, 
inpew. = 718.66 kJ/kg, 
hiew. = 435.76 kJ/kg, 


3477.7 — 2928.84 
2 = 3 028.81 — 718.60) + (718.60-—455.76) = 9-275 keske, 
e.p.r. 865 _ 
la (0.275 x0.8+1) 72 t/hr. 


11.43. Using conditions of Problem 11.12, determine the 
net flow rate of feed water for POY90/8. 


Answer: Df¥:" = 19.8 t/hr. 
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11.14. A boiler unit generates steam at the pressure of 
40 kgf/cm? and the temperature 450 °C. Determine the flow 
rates of steam and water for the cooling pressure regulator 
through which the consumers receive 6 Mcal/hr of heat in 
the form of steam at the pressure of 10 kgf/cm? and the tem- 
perature of 300 °C. The temperature of feed water is 104 °C, 
@ = 0.75. 

Answer: Dy®*™ = 9.85 t/hr, CE = 1.34 t/hr. 

11.15. The net steam-generating capacity of boiler is 
100 t/hr. The steam pressure is 40 kgf/cm? and the superheat 
temperature is 450 “C. Determine the amount of steam ob- 
tained from the flesh tank with continuous blow-down, the 
amount of waste water intended for disposal and the amount 
of heat required for heating the main and blow-down water 
before disposal. According to the data obtained in a chemi- 
cal treatment shop, the blow-down amounts to 5% of boiler 
capacity. The temperature of water before the disposal is 
80 °C, the pressure in the flesh tank is 2 kgf/cm?. 

Solution. Using mass- and heat-balance equations for the 
flesh tank, we obtain the expression for the steam flow rate: 


in.w.— tw.t. 


Da.t. = Gh.w. is i— iw t 


: 1082.69-—502.55 _ 
= 0.05 x 400 x 10° S703 — 500.55 = 1310 kg/hr. 


The amount of blow-down water intended for disposal is 
Gw.t. = Gp.w. — Dag, = 0.05 x 100 — 1.31 = 3.69 t/hr. 


The amount of heat of blow-down water, utilized for 
heating main water, is given by 


Q = Gw.t, (twte — 80) Cy = 3.69 x 10°- (119.94 — 80) 
x 4.49 = 617.48 x 10° kJ/hr. 


11.16. Determine the amount of steam obtained from the 
flesh tank of a continuous blow-down boiler with the steam- 
generating capacity of 50 t/hr, if the blow-down amounts to 
2.0% and the pressure in the flesh tank is 2 kgf/cm?. 

Answer: Dz, y, = 320 kg. 

11.17. Calculate the amount of feed water required for 
boilers, if the steam flow rate for turbines is 405 t/hr, and the 
steam flow rate for POY is 80 t/hr. The blow-down 
amounts to 2%. The steam consumption for boiler own needs 
should be assumed equal to 3%. 

Answer: Gt,w, = 510 t/hr. 
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44.48. The rated (maximum) amount of heat required for 

a district heat supply is 120 GJ/hr. The system water is 
heated in a two-stage unit. The 
main heaters use the steam 
extracted from turbines at the 
pressure Pest = 1.2 kgf/cm?. 
The water is heated to the rated 
temperature (150°C) in peak 
see Sa a heaters by steam at the pressure 
60 mr ae reduced to 5 kgf/em®. The heat 
, supply is qualitatively con- 

trolled. The graph describing the 
temperature variation in the 
forward and reverse lines (at 
tout.r-h. = —30°C) as a function 
Ai of the outer temperature is 
20 0 0 0 -20 -30 shown in Fig. 11.3. Calculate 
the rated heat-generating capac- 

Fig. 14.3 ity of the main and peak heaters. 
Solution. We determine the 

rated consumption of heating- 

system water that circulates in the heat supply system: 


Ging es 858 thie 


This amount of water passes per hour through the main 
and peak heaters. 

Now we determine the maximum (rated) load of the main 
heaters: 


Qm.n. = Ghiw. (tg — ty) Cwe 


The maximum load will be observed at ty, = —9 °C. 

Since the saturation temperature of heating steam is 
104 °C (for pext = 1.2 kgf/cm”), we can assume, taking into 
account the temperature drop, that the temperature of wa- 
ter behind the main heater t, = 95 °C. The temperature of 
return water (at the inlet of the main heater) ¢, = 50 °C for 
tout = —9 °C. 


Then 
Qin, = 358 x 10° (95 — 50) 4.19 = 67.5 x 108 
= 67.5 GJ/hr. 
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The maximum (rated) heat load of peak heaters will be 
observed at tout.r.b. = —30 °C: 


Qb.n. = Ghiw. (te — te ) Cw = 358 x 10 x (150 — 95) 
° x 4.419 = 82.5 GU/hr. 


11.19. Using conditions of Problem 11.18, calculate the 
steam flow rate for main and peak heaters, if the enthalpy of 
steam is 2706.4 kJ/kg for pexyt = 1.2 kgf/cm? and 
2898.22 kJ/kg for p = 5.0 kgf/cem?. 

Solution. Using the heat-balance equation for the main 
and peak heaters, we obtain the formulas for steam flow 
rate: 

(a) for a main heater 


Qin.h 67.5 x 108 
Ps MN oa as 102 . 
mn Text—icew 2706.74 —104 x 4.19 29.72-10° kg/hr; 


(b) for a peak heater 
OF: 82.5 x 108 


ipea—icew 2898.74—150 Xx 4.19 
= 36.41 x 108 kg/hr. 


WwW 
Dp.n. = 


If we take into account the amount of heat supplied by 
condensate of heating steam to the steam space of the main 
heater, the steam flow rate for the main heater will be re- 
duced by 

3 = 
AD 36.44 a a ce 435.75) 2.6 x 108 kg/hr. 

11.20. Determine the rated heat load of main and peak 
heaters for heat consumption of 120 GJ/hr under rated con- 
ditions if the pressure in the heating extraction stage in- 
creases with decreasing outer temperature so that the tem- 
perature difference for water at the inlet and outlet of the 
main heater is constant and equal to (é, — t,) = (ty — t11) 
(see Fig. 14.3). 

Answer: Qm.n, = 67.5 GJ/hr, Q5.n. = 12.53 GJ/hr. 

14.21. Determine the steam flow rate of the extraction 
stage with Dext = 2 kgf/cm? and the enthalpy i2,5 = 
2794.73 kJ/kg, if the net heat load of heaters in the heat- 
ing system Q.n, = 113.96 x 108 kJ/hr. 
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The heat load of peak heaters is 
Qp.n, = 53.24 x 10° kI/hr. 


The amount of heat Q..p.n, due to the condensate of the 
peak heater, released in the main heaters, is 3.05 x 10®kJ/hr. 
The efficiency of heaters is yn, = 0.98. 

Answer: D ex.s, = 20.09 t/hr. 

11.22. A high-pressure de-aerator (pg = 6 kgf/cm?) is sup- 
plied with 150 t/hr of condensate at the temperature of 90 “C, 
90 t/hr of water after chemical treatment at the temperature 
of 80°C, and 20 t/hr of condensate at the temperature of 
212 °C. Determine the flow rate of heating steam having the 
pressure of 6 kgf/cm? and the enthalpy of 2970.7 kJ/kg. 
Flesh steam should be disregarded. The efficiency of the de- 
aerator nq = 0.98. 

Solution. We write the mass- and heat-balance equations: 


Ge aa Genw. = Ge + Da = Gtow.s 


(Geie + Genwedon.w. + Geic + Dates) Na = Gt.wiitew. 
These equations give 


D 
. te,oNd— tt.w. 

__(150-+ 90+ 20)667.46 — (150 x 377.4 +90 x 335.220 x 888.28)0.98 
_ 2970.7 x 0.98 — 667.46 


__ 17.353,6—94 048.7 


500814 = 39.62 t/hr. 


11.23. An open-type de-aerator is supplied with 100 t/hr 
of water at the average temperature of the flow of 75 °C. 
Determine the flow rate of steam having the enthalpy of 
2891.0 kJ/kg, if the heat loss to the surroundings amounts 
to 2%. 

Answer: Dg = 5.35 t/hr. 

11.24. Calculate the flow rate of steam having the pressure 
of 1.2 kgf/cm? and ig = 2680 kJ/kg required for deaeration 
of supplied water tlows at the rates G, = 50.0 kg/s, Gy 
5 kg/s and G, = 4.0 kg/s and at the enthalpies i, 
377 kJ/kg, ig = 564 kJ/kg and is = 126 kJ/kg. 

Assume that it,w, = 430 kJ/kg, na = 0.98. 

Answer: Da = 2.68 kg/s. 
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11.3. Thermal Efficiency 
11.3.1. Definitions 


The efficiency p.p, of a condensation electric power plant 
is defined as the ratio of the amount of energy converted 
into electric energy to the energy supplied with the fuel. 
The formula for determining efficiency in the MKS system 
has the form eae 
— fo +8 5 
"0. “Go (14.25) 
where & is the produced electric energy, kW-hr, 860 is the 
thermal equivalent (1 kW-hr = 860 kcal), B is the fuel 
rate, kg/hr, and Qj is the lower heat value of the fuel per 
working mass, kcal/kg. 
If B is given in kilograms of equivalent fuel, the formula 
for efficiency of an electric power plant becomes 


0.123 
Tb.p. =Fea (11.26) 
where bs! is the rate of equivalent fuel referred to 1 kW/hr, 
B 
b=. (14.27) 
In SI, the formula for efficiency assumes the form 


E 
Nb.e = Gow (11.28) 


where E is the produced electric energy, MJ, B is the fuel 
rate, kg/hr, and Q) is the lower heat value of the fuel, 
MJ/kg. 

If b§7 is given in kg/(kW-hr), we have 


0.123 
‘p.p. = eqs (11.29) 
8s 
If 057 is given in kg/MJ, we get 
0.0342 
‘p.p. = —Teq ° (11.30) 
8 
in the same units respectively. The specific fuel rate is 
pet — a kg/(kW -hr), (11.34) 
eq 0.0342 ‘ 
bs 7 aa kg/MJ. (11.32) 
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The heat consumption per unit of produced electric ener- 
gy is 

ge! = beaQy", (41.33) 

where 54 is the specific fuel rate, kg/(kW-hr) or kg/MJ. 

For equivalent fuel with Q}’ = 7000 kcal/kg, we have 


get = 700088 (11.34) 
or, if Q)” = 29.3 MJ/kg, we get 
get = 29.308", (11.35) 


The heat consumption per unit of produced electric energy, 
kcal/(kW-hr), can be expressed in terms of the efficiency of 
electric power plant: 


860 
he = Sin ’ (11.36) 
or in MJ/MJ 
1 
qgi= aes (41.37) 


Any electric power plant always consumes a part of pro- 
duced energy E£°-"- for its own needs. Thus, the energy sup- 
plied to consumers, ES¥P, is the difference between the pro- 
duced energy EP? and energy consumed for own needs: 


ESP = BP — Bo™, (11.38) 


The efficiency of an electric power plant determined with- 
out taking into account the energy consumed for own 
needs is called the gross efficiency: 


860-EP 
TE». = BOY : (11.39) 


The efficiency of a power plant based on the supplied 
energy Es"P is called the net efficiency: 


860. sup 

ye = ——— (11.40) 
p.p. Boy 
If we denote the ratio E°"- /EP by k®-9- , we can write 
Esup — Ep (1 — ko-n.), (11.41) 
and accordingly 

Tip.p. 

ne => Tom (11.42) 
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or 
o.n. 
Np. =e», (L—#). (41.43) 


Then the relations for the specific fuel rates assume the 
form 


BP = B84P (4 — Kk), (11.44) 


pe (11.45) 


If the efficiencies of individual units and setups of an elec- 
tric power plant are known, the total efficiency can be cal- 
culated as follows: 


Np.p. = NyNs.) Nt NrilmNe> (11.46) 


where 1)y is the efficiency of the boiler unit, 5.1, is the ef- 
ficiency of the steam pipe-line (transport of heat), n, is the 
thermal efficiency of the Rankine cycle for given parameters 
of steam at the plant, nm and 7g are the mechanical and 
electrical efficiencies of the turboset respectively. 

In order to estimate the efficiency of thermoelectric plants, 
the partial efficiencies characterizing the heat generation, 
nQap» and electric power, nilyp, are being used: 


DQ 

see ; (11.47) 
TEI B2Qr 
860- EP 

tee = Sgr (11.48) 


where 5)Q, is the amount of heat delivered by a thermoelec- 


tric plant to consumers, B® is the fuel rate for generating 
thermal energy and Be! is the fuel rate for producing elec- 
tric energy: 


Bo 4. Bel = Bopp. (41.49) 
The fuel saved due to combined generation of heat and 


electric energy at a thermoelectric plant is referred to the 
produced electric energy. 
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Accordingly, the fuel rate for generating heat supplied to 
consumers is determined from the formulas 


pen 2% (11.50) 
Q1 Nb 

Be = Bopp — Bo xp; (11.51) 
D 

Brap== > (11.52) 


where D is the net steam flow rate for the thermoelectric 
plant, and A is the evaporating capacity of the fuel. 

The effectiveness of fuel utilization by a thermoelectric 
plant is estimated by the utilization factor of heat value 
of fuel: 


>) @c-+860- EP 


Ww 
Bopp? 


YrEP = (11.53) 


The specific fuel rate and the heat consumption at a ther- 
moelectric plant are determined in the same way as for a 
condensation electric power plant. 


11.3.2. Problems 


11.25. Determine technical-and-economical indices for an 
electric power plant naving three 50-MW turbines, if the 
following parameters are given: the working fuel has the 
lower heat value Q}’ = 5600 kcal/kg, the efficiency of the 
boiler np = 0.9, the time of utilization of installed power 
T i, = 6000 hr. The electric power plant delivers to external 
consumers the amount of heat 5) Q.= 2.3 x 10% Gcal/year. 
The consumption of electric power for its own needs k°-”- = 
9%. The annual consumption of steam Dyea, = 6.05 X 
10° t, the evaporating capacity of fuel A = 8.4 kg/kg. 

Solution. The energy produced per year is 


Ev ear = No'p.Teq = 3 X 50 X 6000 = 900 x 103 MW- hr. 


The annual consumption of natural fuel for supplying heat 
to external consumers is given by 


pe _2u9e __ 2.3 x 108 x 108 


Qn» «9600 x 0.9 = 457 x 10% t/year. 
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Recalculating it for equivalent fuel, we obtain 


B? = 457 x 10° 25. 374 x 103 t/year. 


The annual fuel rate of the phant as a whole is 


D 6 
Borp = — = Sexo = 720 x 108 t/year. 


Recalculating it for equivalent fuel, we obtain 
Brpp = Spee X 720 x 108 = 576 x 108 t/year. 


The equivalent fuel rate per unit electric energy pro- 
duced is 
Bel = Bopp — B2 = 576 x 108 — 374 x 108 
= 202 x 10° t/year. 
The specific fuel rate per kW-hr produced is given by 


The specific consumption of heat per kW-hr is 
qe: = pele. QY = 0.224 x 7000 = 1570 kcal/(kW-hr). 


The gross efficiency of the electric power plant for electric 
energy production is 


nels; = 0.123 0.123 


TEP jel. 0.204 = 0.55, 


The net efficiency of the thermoelectric plant is 
neha, = nels; (1 — ko") =55 (1 — 0.09) =0.5. 


The specific consumption of heat per kW-hr of supplied 
energy is 
getn. — 800 __ 88 _ 1720 keal/(kW- hr). 


The specific fuel rate per kW-hr of equivalent fuel is 


In. 
pebn. gn = TO = 0.246 kg/(kW-hr). 
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The specific rate of equivalent fuel per Gcal of supplied 
heat is 


qq _B2 374x103 x10? 
bp? = we =—sage = 163 kg/Gcal. 


The thermal efficiency of the thermoelectric plant is 


ihc 2c ___-2.3X10°X 108g gg 


The utilization factor of the heat value of fuel for the 
thermoelectric plant is 


Margy = ee E Beart 2: Ce 800 x 900 x 108-4 2.3 x 108 X10" 
ITEP = BappO™ i 576 x 103 x 103 x 7000 


3074 x 10° 
SS. Ooo™"ohnm>annona >= = 4 
n032 x for = 9-745. 


11.26. Calculate the monthly average rate of natural 
fuel per kW-hr of produced and supplied electric energy and 
the thermal and electric efficiencies of a thermoelectric plant 
using the following data. The electric energy produced during 
a month £P = 12.3 x 10° MW-hr, the energy consumed 
for own needs being Fo". = 1.23 x 108 MW-hr. The amount 
of heat supplied to external consumers >\Q, = 335.2 x 
103 GJ. The amount Brpgp of natural fuel with the lower 
heat value Q = 24 600 kJ/kg, consumed by the thermo- 
electric plant for this purpose, is 67 x 10° t. The amount 
of fuel required for producing heat supplied by the thermo- 
electric plant Bggp = 16.7 x 10° t. 

Answer: b¢!.8-= 0.407 kg/(kW-hr), b¢!-"- = 0.452 kg/(kW-hr), 
nfep = 81.5%, nas = 35.8%, ngs = 32.2%. 

11.27. Using the conditions of Problem 11.26, determine 
the rate of equivalent fuel per kW-hr of produced and sup- 
plied electric energy. 

Answer: 

bes. = 0.342 kg/(kW-hr), be4-2- = 0.38 kg/(kW-hr). 

11.28. The rate of natural fuel per kW-hr of produced 
electricenergy b°4-8- is 0.5 kg/(kW-hr). The lower heat value 
of the fuel Q = 23 000 kJ/kg. Determine the specific rate 


of equivalent fuel. 
Answer: be4-8- = 0,392 kg/(kW-hr). 
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11.29. Determine the efficiency of an electric power plant 
if the rate of equivalent fuel per kW-hr of supplied electric 
energy b&4-2. is 0.348 kg/(kW-hr). 

Answer: pip. = 359.4%. 

11.30. An electric power plant produces 8.4 x 10° kW-hr 
of electric energy per year if the specific rate of equivalent 
fuel bed-2- = 0.397 kg/(kW-hr). Determine the efficiency 
of the plant and the annual rate of natural fuel. The thermal 
equivalent of the fuel burnt at the plant is 0.84. 

Answer: noe = 31%, Byear = 3.97 X 10° t/year. 

11.31. Determine the amount of heat per kW-hr of 
produced electric energy, if the specific rate of equivalent 
fuel bea-e- — 0.4 kg/(kW-hr). 

Answer: g®*!-€- = 2800 keal/(kW-hr) = 14.72 MJ (kW-hr). 

11.32. Determine the amount of heat per kW-hr of pro- 
duced electric energy, if the specific rate of natural fuel 
bel-e- = 0.6 kg/(kW-hr) and the thermal equivalent of fuel 
E == 0.63. 

Answer: q®*!-€- = 2645 kcal/(kW-hr) = 11.09 MJ/(kW-hr). 

11.33. Determine the rate of equivalent fuel per kW-hr 
of produced electric energy and the electric efficiency of a 
thermoelectric plant, if the specific fuel rate gels. = 
2100 keal/(kW-hr). 

Answer: bes = 0.3 kg/(kW-hr), ngs = 44%. 

11.34. Determine the efficiency of an electric power plant 
if the amount of heat required for production of one kilowatt- 
hour of electric energy is 2700 kcal/(kW-hr). 

Answer: p.p. = 31.8%. 

11.35. Calculate the efficiency of a condensation electric 
power plant if the following data are given: the initial 
pressure and temperature of steam entering the turbines are 
Pi = 8.8 MPa, t, = 535 °C, the boiler efficiency np, = 0.9, 
the efficiency of the pipe-line y,.;, = 0.97, the relative in- 
ternal efficiency of a turbine y,.;, = 0.85, the mechanical 
efficiency of the turboset ny, = 0.98, the electrical efficiency 
of the turboset ng = 0.98, and the pressure of steam at the 
end of expansion Peon = 3.43 kPa. 

Solution. The efficiency of a condensation electric power 
plant can be calculated from the formula 


Np.p. = NbNp., UNe.1.NmNg- 
First we determine the thermal efficiency of the plant: 


t= ~~ 3478—110.5 
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Then 


NE.p. = 0.9 X 0.97 x 0.431 x 0.85 x 0.98 x 0.98 
= 0.306%. 


11.36. Using the conditions of Problem 11.35, find the 
change in the efficiency of the electric power plant due to an 
increase in the initial parameters of steam to p, = 235 
kgf/cm? and t, = 565 °C. 

Answer: 1p.p, = 33.1%, the efficiency has increased 
by 8%. 

11.37. The annual production of electric energy E¥ear 
amounts to 10! kW-hr, the specific rate of equivalent fuel 
bg? = 340 g/(kW-hr). Determine the amount of fuel that can 
be saved if the specific fuel rate is reduced by 1%. 

Answer: AB = 3.4 x 108t. 

11.38. Determine the amount of electric energy that can 
be produced due to fuel saving calculated under the condi- 
tions of Problem 11.37. 

Answer: AE = 10" kW-hr. 

11.39. Determine the steam pressure for regenerative 
heating of feed water at a thermoelectric plant for the ini- 
tial parameters of steam 40 kgf/cm? and 450 °C. Three heat- 
ers are used for this purpose. The temperature of feed water 
is 145.0 °C, the pressure in the condenser is 0.04 kgf/cm?. 
The minimal difference between the saturation temperature 
of heating steam and the temperature of water being heated 
in the surface heaters is 5 °C. 

Solution. If water is heated uniformly, we have for each 
heater 


At; 


23 a — 38.8°C. 


Thus, the temperature of water downstream of the first 
heater should be 


ty = toon + Aty = 28.6 + 38.8 = 67.4 °C; 
downstream of the second and the third heaters, 


i= 67.4 + 38.8 = 106.2 °C; 
tyzr = 106.2 + 38.8 = 145 °C. 
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Taking into consideration the temperature drop, the 
saturation temperature should be 


for the first heater ty; = 67.4 +5 = 72.4 °C, 
for the second heater ¢,3; = 106.2 + 5 = 111.2 °C, 
and for the third heater fy137 = 145 + 5 = 150 °C. 


Using the i-s diagram or tables for water and steam, we 
find that pr = 3523 kgf/cem?, pyy = 1.5208 kgf/cm? and 
Put = 4.854 kgt/cm?. 

11.40. Using the conditions of Problem 11.39, calculate 
the extracted steam flow rate for the first heater, if the 
flow rate of water through it is 28.5 t/hr. Assume that the 
efficiency of the heater is 0.98. 

Answer: Dy, = 2.03 t/hr. 


12. Refrigerating Plants 


12.1. Vapour-Compression Refrigerating Machines 
12.1.1. Definitions 


The thermal cycle of a vapour-compression refrigerating ma- 
chine is shown in Fig. 2.11. 

The refrigerating capacity of one kilogram of cooling 
agent without supercooling is 


where i, is the enthalpy of the vapour of the cooling agent 
delivered from the evaporator to the compressor, kJ/kg, 
and i, is the enthalpy of the cooling agent entering the evap- 
orator, kJ/kg. 

The amount of circulating coolant is 


G26, (12.2) 


where Q, is the refrigerating capacity of the refrigerating 
machine, kJ/s. 

The volume of vapour sucked in by the compressor of the 
refrigerating machine per second is 


V= oo y, =v, (12.3) 
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where v, is the specific volume of vapour of the coolant 
sucked in by the compressor, m*/kg. 

The theoretical work of the compressor per kilogram of 
the coolant is 


l= i,— i, (12.4) 
where i, is the enthalpy of vapour at the compressor outlet, 
kJ/kg. 

The heat removed by the condenser of the refrigerator is 

de = tg —t; = GQ + I, (12.5) 

where i, is the enthalpy of the coolant at the condenser outlet, 
kJ/kg. 

The heat removed from the coolant in the subcooler is 

qs = is — U5, (12.6) 


where i; is the enthalpy of the coolant at the subcooler 


outlet. 
The coefficient of performance of the refrigerating machine 


is defined as 
w=. (12.7) 


The consumed theoretical power of the compressor, kW, 
is given by 


— Gl _ Q 
Ni= 3600 = "Bene * (12.8) 
The heat duty of the condenser is 
Qo=Qy-+ 3600N = gy —E* (12.9) 


The heat duty of the subcooler is given by 
Qs = Gods = Ge (ig aad is). (12.10) 
The theoretical refrigerating capacity of the compressor, 
kW, is 


Vn. dv 
Qe.t.= aaa » (12.11) 


where Vy, is the swept volume of the first-stage cylinders, 
m*/hr, and qy is the refrigerating capacity per unit volume, 
kJ/m’: 

qua, (12.12) 


yy 
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For a single-acting compressor, we have 
nD? 
Vi, = 60 —— Snz, 


where S and D are the stroke of the piston and the diameter 

of the cylinder, m, z is the nunrber of the cylinders in the 

first stage, and 7m is the rotational speed of the shaft, rpm. 
The feed coefficient of the compressor is 


es OP 
=o (12.13) 


The theoretical power of the compressor drive, kW, is 
Nt = Ge (tg — 4), (12.14) 


where G, is the actual flow rate of compressed steam, kg/s. 

The indicated power of the compressor drive can be de- 
termined either from the average indicated pressure or 
from the indicated adiabatic efficiency 1, 4: 


iE 
‘ Nag 


The effective power of the compressor drive is 


Nt 
Neag 


e 


2 


where Ne,4 = Nigg"lm, Which is the effective adiabatic ef- 
ficiency of the compressor, while ng, is the mechanical effi- 
ciency of the compressor. 


12.1.2. Problems 


12.1. Determine the refrigerating capacity gy of Freon-12 
per unit mass and the theoretical refrigerating capacity 
dy per unit volume for the evaporation temperature of 
—20 °C and the condensation temperature of 30 °C. 

Answer: qy = 126.13 kJ/kg, gy = 1140 kJ/m’. 

12.2. The refrigerating capacity of a freon refrigerating 
machine is 9.3 kW for the evaporation temperature of 
—15 °C and the condensation temperature of 50 °C. The pow- 
er consumed by the comoressor is 5.8 kW. Determine the 
coefficient of performance of the refrigerating machine and 
the change in the refrigerating capacity due to a decrease in 
the condensation temperature to 30°C. Assume for calcula- 
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tions that the feed coefficient of the compressor remains 
constant. 

Answer: e = 1.6, Q) = 11.27. kW. 

12.3. A freon refrigerating machine has the refrigerating 
capacity of 840 000 kJ/hr at the evaporation temperature of 
—10 °C, the condensation temperature of 25 °C and the tem- 
perature in front of control valve of 20°C. Determine the 
refrigerating capacity for the evaporation temperature of 
—-15 °C, the condensation temperature of 30 °C and the tem- 
perature in front of the contro! valve of 25 °C, assuming that 
the feed coefficient of the compressor is reduced by 8% 
with increasing pressure ratio. 

Solution. Using Appendix 12, we determine for the op- 
erating parameters of the machine p, = 0.6506 MPa, py, = 
0.219 MPa, i, = 568.8 kJ/kg, i, = 437.87 kJ/kg, 
(Pc/Po)op = 2.97, V, = 0.08713 m°/kg. 

For standard parameters (tey = —15 °C and t, = 30 °C) 
we have p, = 0.743 MPa and py = 0.1826 MPa, i, = 
566.39 kJ/kg, i, = 442.81 kJ/kg, (pe/Do)st = 4.07, v, = 
0.09268 m°%/kg. 

Now we determine the operating and standard refrigerat- 
ing capacity per unit volume: 


ij—i, ___ 568.8—437.87 


= 1503 kJ/kg. 


Wop y,  _ 0.08713 
_ ymig 566.39 442.81 
Qrst =~ 9, 0.09008 = 1993 kI/kg. 


Then the standard refrigerating capacity is 


Astdvgt 0.92 X 1333 age 
Qo = Qoop hoop 840 000 coaaae 7, eae 685 000 kJ/hr. 
12.4. Determine the hourly volume capacity of the am- 
monia compressor for a refrigerating machine having the 
refrigerating capacity of 418 600 kJ/hr and operating at the 
evaporation temperature of —20°C and the condensation 
temperature of 30°C. 
Answer: 238.5 m°/hr. 


12.2. Absorption Refrigerating Machines 
12.2.1. Definitions 


Refrigeration in the absorption-type refrigerating machines 
is carried out at the expense of the energy of a hot source. 
The utilization factor & of heat q, of the hot source for ob- 
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taining refrigeration gq, is defined as 


= 43 12.15 
p=, (12.45) 
If the heat from the source is supplied at a temperature 
Ty, the refrigeration is performéd at a temperature 7’, 
and the temperature of the surroundings is 7’), then the 
maximum possible theoretical value of the utilization factor 
of heat, also called the thermal coefficient of the refrigerating 
machine, is 
T. T—7, 
Smax = Te 2 (12.16) 
where the temperature is measured on the Kelvin scale. 
The actual value of the utilization factor of heat is con- 
siderably smaller than the value obtained from (12.16): 


Eac = Emax, (12.17) 


where k is the coefficient of thermodynamic perfectness of 
the refrigerating machine. 

The factor & takes into account the difference between the 
actual processes in an absorption refrigerating machine and 
the theoretical reversible processes of ideal refrigerating 
machines and heat engines. 

The heat-balance equation for an absorption refrigerating 
machine has the form 


Qn + Qa = Qc + Cars (12.18) 


where Q, and Q, are the amounts of heat spent by the hot 
source and the obtained refrigeration, and Q, and Qap are 
the amounts of heat removed in the condenser and the ab- 
sorber. 


12.2.2. Problems 


12.5. Determine the refrigerating capacity of an absorp- 
tion refrigerating machine if its actual heat utilization factor 
Eac = 0.36 and the amount of heat Q, supplied to the gene- 
rator from a hot source is 10 GJ/hr. 

Answer: Qg = 1 kJ/s. 

12.6. The refrigerating capacity of an absorption refrig- 
erating machine Q, = 0.5 kJ/s for the actual heat utiliza- 
tion factor £4, = 0.4. Calculate the amount of heat removed 
by the condenser and absorber. 
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Solution. The heat flux from the hot source is 


Qn = = FF = 1.25 kd hr, 


The heat Pte to the machine and equal to the heat 
removed by the condenser and absorber is given by 


Qn + Qo = Oc + Can = 1.25 + 0.4 = 1.65 kJ/hr. 


12.7. Calculate the thermodynamic efficiency of an absorp- 
tion refrigerating machine if the heat utilization factor &,, 
is 0.37 for the following values of temperature: 


temperature of hot source ....... ty = 135 °C 
evaporation temperature of covlant . ..  tg== —28°C 
ambient temperature. ......... ty = 20°C 


Answer: k = §ac/Emax = 0.257. 

12.8. An absorption refrigerating machine produces cold 
at the expense of the heat of waste saturated steam at ty = 
105°C. The heat utilization factor —,, = 0.35, and the 
degree of thermodynamic perfectness of the machine & = 0.2. 
Determine the temperature in the evaporator (refrigeration 
temperature) if the ambient temperature tf, = 15 °C. 

Solution. The theoretical value of the heat utilization 
factor is given by 


0.3 


According to formula (12.16), we have 
p= te Ino 
max” Tn ToT, ° 


Consequently, 
EmaxTnty ___1.75 X 378 X288___ 9, 
T,= Th-+tEmax)—fo 378 (1-+ 1.75) — 288 253.5 K, 


ty SS 19.5 °C. 


12.3. Thermocompressors 
12.3.1. Definitions 


Thermocompressors are machines intended for heat transport 
from a source of a low potential to the one of a higher poten- 
tial. In operation, a thermocompressor is identical to a re- 
frigerating machine, but the useful heat of the thermocom- 
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pressor is the heat transferred to the source of a higher po- 
tential. 

The transformation factor for a thermocompressor is the 
ratio of the heat Q, transferred to the source of higher po- 
tential to the work L: e 


p= : (12.19) 


Since the coefficient of performance of a refrigerating 
machine is equal to the ratio 


and 
Qi = Qe +L, 
the following relation will be observed between e¢ and gq: 
gp=et+tl (12.20) 
or 
e=qo—t. 


Consequently, the transformation factor for a thermocom- 
pressor should be greater than unity. 
The transformation ratio of a thermocompressor for a 
reverse Carnot cycle is given by 
— 1 
Pinas = FT, ’ (12.24) 
where 7, and 7, are the temperatures of the sources of a 
high and a low potential, K. 
If a thermocompressor operates in a heat supply system, 
then 7, = Ty (i.e. the ambient temperature). 
The actual transformation factor is 


Ty 
Pac = Pmax* = Fa 


The value of a depends on the degree of perfectness of a 
thermocompressor and varies between 0.35 and 0.55. The 
higher the capacity of the thermocompressor, the larger a. 


12.3.2. Problems 


12.9. Find the transformation factor for a thermocom- 
pressor operating in a heating system at the outdoor temper- 
ature t, = —10°C and the indoor temperature ¢, = 18 °C. 
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The degree of perfectness of the thermocompressor is esti- 
mated by the coefficient a = 0.35. 

Answer: Qac = 3.637. 

12.10. A thermocompressor supplies the heat Q, = 
800 000 kJ/h to a room where ¢, = 20°C. Determine the 
amount of heat received by the thermocompressor from the 
ambient with the temperature fj = 0°C. Assume that the 
degree of perfectness of the thermocompressor a = 0.4. 

Solution. The actual value of the transformation factor is 


ao 77, Bs —21S os 


The work done by the thermocompressor is 


i os -_ cs = 136518 kJ/hr. 
ac * 


The heat received from the ambient is 
Q. = Q, — L = 800 000 — 136 518 = 663 482 kJ/hr. 


12.11. Determine the degree of perfectness of a thermo- 
compressor, if it supplies the heat Q, = 505 000 kJ/hr to a 
heating system and does the work Z = 83 500 kJ/hr. The 
tated values of temperature: t; = 15°C and t, = —5 °C. 

Answer: a = 0.42. 


Mass 


Force 


Appendices 


1. Relations between Units of Measurement 
Commonly Used in Heat Engineering 


(kgf-s?)/m = 9.80665 kg, 
kg = 0.101972 (kgf-s?)/m. 


as 


— 


kef = 9.80665 N, 
N = 0.101972 ket. 


1 N/m? = 1 Pa, 

1 kgf/cm? = 98066.5 Pa, 

4 atm = 760 mmHg = 104 325 Pa, 

1 kgf/m* = 1 mmH20 = 9.80665 Pa, 

1 mmHg = 133.322 Pa, 

1 i = mL 01972 ~ 10-> kgf/cm? = 0.101972 kgf/m?, 
4 Pa = 7.5006 x 10-3 mmHg = 0.101972 mmH,0. 


Work and energy 


Power 


18* 


4 kgf-m = 9.80665 J, 


4 h.p-hr = 2.648 x 10° J, 

1 kW-hr = 3.6 x 10° J = 860 keal, 

4 J = 0.101972 ‘kgi-m 

1 J = 0.37764 - 10-° h.p-hr = 0.27778 x 10-8 kW-he, 
4 kgi-m/s = 9.80665 W, 

4hp= (35. 499 W, 

4 W=41 J/s = 0.101972 kgf-m/s = 0.00136 h.p, 

4 W = 0.859845 kcal/hr. 
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Amount of heat 


1 cal = 4.1868 J, 
1 kcal = 4186.8 J, 
1 J = 0.23885 cal = 0.23885 x 10-3 kcal. 


Heat flux 


1J/s=1 W, 

1 cal/s = 4.1868 W, 

1 keal/hr = 1.163 W, 

1 W = 0.23885 cal/s = 0.859845 kcal/hr. 


Heat flux per unit area 
1 keal/(m?-hr) = 1.1630 W/m?, 


1 W/m? = 0.23885 x 10 cal/(cm?-s)= 0.859845 keal/(m?-hr), 


Specific heat, specific entropy 


1 cal/(g-K) = 1 keal/(kg-K) = 4186.8 J/(kg-K), 
14 I/(kg-K) = 0.23885 x 10-8 cal/(g-K) = 0.23885 x 


x 10 keal/(kg-K). 


Heat-transfer coefficient, overall heat-transfer coefficient 


1 kcal/(m?-hr-K) = 1.4630 W/(m?-K), 
4 W/(m?-K) = 0.859845 kcal/(m?-hr-K). 


Thermal conductivity 


4 kcal/(m-hr-K) = 1.4630 W/(m-K), 
4 W/(m-K) = 0.859845 kcal/(m-hr-K). 


2. Local Drag Coefficients 
Types of local drag 


Globe valves, d=40-400 mm ..........4-- 
Gate: val Ves: 522 so. 0.00 coe: SS deh snter te, ila en 8 a UR toe BS 


T-joint (counterflow) ...........6-. Se shhe secs 
Input extension .. 2... 2... ee ee ee eee ew 


Input extension with smooth variation of cross section 


Abrupt flow expansion ..........006+6.262. “2 
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3. Physical Parameters of Dry Air under the Pressure 101.325 kN/m 


A é, 2 2 105 x 106 
t, °C ke/in3 us/ee-K) Whin-K) aaah i ym Vn /s Pr 
—10 11.342! 41.009 2.364 6.28 1.67 12.43 |0.712 
0 14.293] 1.005 2.442 6.77 4.72 13.28 |0.707 
10 } 1.247) 1.005 2.512 7.22 1.77 14.16 |0.705 
20 }4.205; 1.005 2.593 7.71 1.84 15.06 |0.703 
30 |4.165} 4.005 2.675 8.23 4.86 16.00 |0.704 
40 |4.428] 14.005 2.756 8.75 4.94 16.96 | 0.699 
50 14.093] 4.005 2.826 9.26 1.96 17.95 |0.698 
60 {4.060} 1.005 2.896 9.79 2.01 18.97 | 0.696 
70 14.029} 1.009 2.966 10.28 2.06 20.02 |0.694 
80 |1.000] 41.009 3.047 10.87 2.41 21.09 |0.692 
90 |0.972] 41.009 3.128 11.48 2.15 22.10 |0.690 
100 |0.946] 1.009 3.210 12.41 2.19 23.13 | 0.688 
120 |0.898} 14.009 3.338 13.26 2.29 25.45 |0.686 
140 |0.854] 1.013 3.489 14.52 2.37 27.80 | 0.684 
160 |0.815]| 4.017 3.640 15.80 2.45 30.09 | 0.682 
180 [0.779] 4.024 3.780 17.10 2.53 32.49 | 0.681 
200 |0.746] 41.026 3.931 18.49 2.60 34.85 | 0.680 
250 |0.674] 1.038 4.268 21.96 2.74 40.64 | 0.677 
300 |0.645] 1.047 4.606 25.76 2.97 48.33 | 0.674 


4. Thermal Conductivity of Some Gases under Atmospheric 


Pressure 
4x 103, W/K 

» °C 
: Air | Nitrogen | Oxygen poe qorbon Hydrogen | Argon 

0 |24.4) 24.2 24.6 16.4 14.6 174 16.2 
100 ]}32.0 | 31.4 32.8 23.9 22.7 215.8 | 21.0 
200 | 39.2 | 38.4 40.6 32.9 30.8 257.5 | 25.8 
300 |45.9 | 44.8 47.9 43.3 39.0 299.3 | 30.4 
400 [52.0 | 50.6 54.9 54.9 47.4 341.0 | 34.8 


500 | 57.3 50.7 61.4 67.7 54.8 382.8 | 39.4 
600 | 62.4 60.2 67.3 82.0 61.9 424.6 | 43.3 
700 | 66.9 64.0 72.6 97.7 68.7 466.3 | 47.2 
800 | 71.6 67.3 77.5 114.7 74.9 508.4 | 54.0 
900 | 76.4 69.9 81.8 132.8 80.7 549.8 | 54.6 
1000 | 80.5 72.1 85.6 152.0 86.1 591.6 | 58.4 
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5. Physical Properties of Some Solids (Elements) at 0°C 


Element | ine kg/m? w(i-K) kJ /(kg-K) 
Aluminium 26 .97 2700 209 0.896 
Carbon (graphite) 42.04 4700-2300] 174 0.67 
Couper 63.57 8 930 390 0.388 
Go 197.2 19 310 313 0.430 
Iron 55.84 7 880 74 0.44 
Lead 207 .22 141 350 35.4 0.127 
Lithium 6.94 534 68.6 3.31 
Magnesium 24.32 4 760 158 0.975 
Nickel 58.69 8 900 67.5 0.427 
Platinum 195.23 21 460 69.8 0.132 
Potassium 39.40 870 400 0.737 
Silver 107.88 10 500 449 0.234 
Sodium 23.00 975 409 1.20 
Tin 418.70 7 300 66.3 0.222 
Titanium 47.90 4540 15.4 0.534 
Tungsten 184.0 19 340 169 0.134 
Uranium 238 .07 19 400 19.2 0.417 


Zinc 65.38 7150 113 0.384 


6. Physical Properties of Some Industrial Materials 


Material p, kg/m3 | 1, °C a, Wyn-K) kJ /(kg-K) 
Aluminium oxide 3690-3790} 400 30.2 0.925 
Asbestos 500 20 0.106 0.837 
Board — 20 0.14-0.35 4.507 
Boiler scale 2000-2700} 4100 0.7-2.3 -_ 
Cambrick (lacquered) _— 38 0.157 — 
Common glass 2500 — |0. se 001 6 0.670 
Common paper — 20 14 4.507 
Dry concrete 4600 20 0. 84 0.840 
Ebonite 1200 20 0.157-0.174 _— 
Fabric glass laminate | 1650 20 0.459 1.640 
Foam ceramics 1400 146 1.840 
Foamglass 400 20 0.107 — 
Glass wool 200 20-30 0.0465 _— 
Graphite articles 1600 100 158 0.837 
Linen — _ 0.088 _ 
Machine-made_ red 

brick 1800 0 0.77 0.879 
Mica (across layers) {2600-3200} 20 0.47-0.58 0.879 
Micanite . _— 20 0.21-0.41 —_— 
Mipora 17.5 30 0.038 _ 
Paper-based laminate _ 20 0.456-0.475 = 
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6. (continued) 


pe, kg/ms | t, °C 


Material 4, W/(m-K) kI/(ke-K) 
Paraffin wax 920 20 0.27 — 
Phenol-formaldehyde 

lacquer 1400 — 0.29 - 
Plastic foam 200 20 0.058 _— 
Plexiglass 4180 20 0.184 1.425 
Porcelain 2400 95 1.04 4.089 
Red fibre 1200 20-100 0.46-0.5 —_ 
Reinforced concrete 2200 20 4.55 0.840 
Rubber 

oOTOUs 460 —_ 0.05 _— 
ard common 4200 0-100 0.157-0.164 4.382 

soft _ ~ 20 0.13-0.16 4.382 
Silk 400 0-93 0.43-0.058 — 
Teflon 2150 _— 0.246 1.05 
Textolite 1309-1400] 20 0.23-0.34 4.465 
Woolen fabric 240 — 0.052 — 
Zirconium dioxide 5220-5350} 100 167 0.586 

7. Emissivity Factors of Some Materials 
Material t, °C & 

Aluminium, oxidized at 600 °C 200-600 0.44-0.19 
Aluminium, rough 26 0.055 
Asbestos panel 40-370 0.93-0.950 
Brass, oxidized at 600 °C 200-600 0.64-0.59 
Brass, rolled 22 0.06 
Carbon black, candle ash 95-270 0.95 
Carbon filament 4040-1405 0.53 
Copper, oxidized at 600 °C 200-600 0.57-0 .87 
Corp, polished 80-415 0.018-0.023 
Firebrick _ 0.8-0.9 
Gold, polished 225-635 0.018-0.035 
Iron, oxidized, smooth 125-525 0.78-0.82 
Lacquer, white and black 40-95 0.80-0.98 
Lime plaster, rough 10-88 0.94 
Molybdenum thread 725-2600 0.096-0.292 
Nickel industrial, polished 225-376 0.07-0.087 
Nickel, oxidized at 600 °C 200-600 0.37-0.48 
Nickel wire 185-1000 0.096-0.186 
Oil paints of various colours 100 0.92-0.86 
Paper, thin 419 0.92 
Platinum, clean polished plate 225-625 0.054-0.104 
Platinum wire 225-1375 0.73-0.182 
Red brick 20 0.93 
Silver, polished, pure 225-625 0.020-0.032 
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8. Physical Properties of Water on the Saturation Line 


C2, 4-102 
t,°C | p, MPa kI/(ke-K) w/(m-K) 

0.04} 0.00061 4.218 55.13 

10 0.00123 4.193 57.56 
20 0.00234 4.182 59.9 
30 0.00424 4.178 61.8 
40 0.09738 4.179 63.4 
50 0.01234 4.184 64.8 
60 0.01992 4.184 65.9 
70 0.03117 4.189 66.8 
80 0.04736 4.196 67.5 
90 0.07014 4.205 68.0 
109 0.10132 4.217 68.3 
140 0.14326 4.230 68.5 
120 0.19854 4.245 68.6 
130 0.27014 4.264 68.6 
140 0.3614 4.286 68.5 
150 0.4760 4.311 68.4 
160 0.6180 4.346 68.3 
170 0.7920 4.372 67.9 
180 1.0027 4.409 67.5 
190 1.2553 4.451 67.0 
200 1.5554 4.498 66.3 
210 1.9080 4.552 65.5 
220 2.3201 4.614 64.5 
230 2.7979 4.686 63.7 
240 3.3480 4.769 62.8 
250 3.9776 4.866 61.8 
260 4.694 4.984 60.5 
270 5.505 5.118 59.0 
280 6.419 5.28 57.5 
290 7.445 5.49 55.8 
300 8.592 5.75 54.0 
310 9.870 6.10 52.3 
320 {41.290 6.56 50.6 
330 [12.865 7.24 48.4 
340 14.608 8.16 45.7 
350 = |16.537 9.80 43.0 
360 = |48.674 13.98 39.5 
370 = {21.053 40.32 33.7 


9. Water and Steam on the Saturation 


Mba | #, °C cake mike kijke 
0.0010} 6.92 |0.0010004] 129.9 29.32 
0 .0020)17.514/0.0010014] 66.97 73.52 
0.0030/24 .097/0.0010028/ 45.66 | 101.04 
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4 6 v-1903 
eee Pr eA. 
1786.5 13.67 4.0002 
1304.4 9.52 1.0004 
1003.5 7.02 4.0018 
800.7 5.42 1.0044 

652.7 4.31 1.0079 
548.8 3.54 4.0124 
469.4 2.98 1.0171 
405.7 2.55 1.0228 
354.8 2.21 4.0290 
314.6 1.95 1.0359 
282.2 1.75 4.0435 
258.7 1.60 1.0515 
237.6 1.47 1.0603 
217.6 1.36 4.0697 
200.9 4.26 1.0798 

186.2 1.17 4.0906 

173.5 1.10 1.1024 

162.7 1.04 1.1144 

152.9 1.00 41.1275 

144.1 0.96 1.1415 

136.2 0.93 1.1565 

130.3 0.94 1.1726 

124.5 0.89 1.1900 

119.6 0.88 1.2087 

114.7 0.87 1.2294 
108.8 0.86 1.2512 
105.8 0.87 4.2755 

101.9 0.88 4.3023 

98.0 0.90 4.3321 

94.4 0.93 4.3655 

91.4 0.97 4.4036 

88.2 4.03 1.447 

85.3 41.44 1.499 

81.3 4.22 4.562 

77.4 4.39 4.639 

72.5 1.66 4.74 

66.6 2.35 1.894 

56.8 6.79 2.22 


Line (based on pressure) 


kite kJ Akig-K) S/he R) 

2513 | 0.1054 8.975 

2533 | 0.2609 8.722 
8.576 


2545 | 0.3546 


9. (continued) 


” 


kJ/kg 


P, v’, s’, s”, 
MPa t, °C m3/kg kJ/(kg-K)| kJ/(kg-K) 


0”, 45 
m3/kg | kJ/kg 


@ 
0.0040} 28 .979/0 .0010041/34.84 121.42 | 2554 | 0.4225 | 8.473 
0.0050} 32.88 |0.0010053)/28.19 137.83 | 2564 | 0.4761 8.393 
0.0100} 45.84 |0.0010103/14.68 191.9 | 2584 | 0.6492 | 8.149 
0.020 | 60.08 /0.0010171] 7.647 | 251.4 | 2609 | 0.8324 7.907 
0.030 | 69.12 /0.0010222) 5.226 | 289.3 | 2625 | 0.9441 7.769 
0.050 | 81.35 |0.0010299/ 3.239 | 340.6 | 2645} 1.0910 | 7.593 
0.400 | 99.64 |0.0010432) 1.694 | 417.4 | 2675 | 1.3026 7.360 


0.200 |120.23 |0.0010605] 0.8854 | 504.8 | 2707 | 1.5302 7.127 
0.30 [433.54 }0.0010733] 0.6057 | 561.4 | 2725 | 1.672 6.992 
0.50 154.84 |0.0010927| 0.3747 | 640.1 | 2749 | 1.860 6.822 
1.00 |179.88 |0.0011273] 0.1946 | 762.7 | 2778 | 2.4138 6.587 
1.50 |4198.28 |0.0011539] 0.13417 | 844.6 | 2792 | 2.314 6.445 
2.00 1212.37 |0.0011766) 0.09958) 908.5 | 2799 | 2.447 6.340 
2.50 |223.93 |0.0011972} 0.07993) 961.8 | 2802 | 2.554 6.256 
3.00 |233.83 |0.0012163] 0.06665] 1008.3 | 2804 | 2.646 6.186 
4.00 {250.33 |0.0042520} 0.04977| 1087.5 | 2801 | 2.796 6.070 
5.00 {263.91 |0.0012857) 0.03944! 1154.4 | 2794 | 2.924 5.973 
6.00 |275.56 |0.0013185} 0.03243] 1213.9 | 2785 | 3.027 5.890 
8.00 [294.98 |0.0013838] 0.02352] 1317.0 | 2758 | 3.208 5.745 


310.96 |0.0014521! 0.01803] 1407.7 | 2725 | 3.360 5.615 
342.14 |0.001658 | 0.01935] 1610 2641 | 3.684 5.310 

: 365.71 {0.00204 | 0.00585 1827 2410 | 4.015 4.928 
22. 373.7 |0.00273 | 0.00367) 2016 2168 | 4.303 4.591 


Sas 
eee 
SSE 


Note: the parameters of the critical state ¢,,=374.15 °C, pop = 
= 22.129 MPa, v,, = 0.00326 m3/kg. 


10. Walter and Steam on the Saturation Line 
(based on temperature) 


” rie Oe 
ki/kg | kJ/(kg-K)} kJ/(cg- K) 


v', v, v, 
t,°C | p, MPa m3/kg m3/kg | kJ/kg 


0.04] 0.0006108 | 0.0010002 {206.3 | 0 2501 | 0 9.1544 
5 | 0.0008749 | 0.0010001 [147.2 | 21.05) 2510 | 0.0762 | 9.0244 
10 | 0.0012277 | 0.0010004 }106.42 | 42.04) 2549 | 0.1510 | 8.8994 
45. | 0.0017041 | 0.0010010| 77.97| 62.97) 2528 | 0.2244 | 8.7806 
20. | 0.002337 | 0.0010018] 57.84] 83.90) 2537 | 0.2964 | 8.6665 
25 {0.003466 | 0.0010030| 43.40 [104.81] 2547 | 0.3672 | 8.5570 
30 =| 0.004241 | 0.0010044 | 32.93 }125.71) 2556 | 0.4366 | 8.4523 
40 | 0.007375 | 0.0010079) 19.55 |167.50) 2574 | 0.6723 | 8.2559 
60 {0.019917 |0.0010171| 7.678/251.4 | 2609 | 0.8314 | 7.9084 
80 |0.04736 |0.0010290; 3.408/334.9 | 2643 | 1.0753 | 7.6416 


p, MPa 


v” 


v’, 
m3/kg m3/kg 


0.10132 | 0.0010435 |4 .673 
0.19854 | 0.0010603 |0.8917 


0.3614 
0.6180 
4.0027 
1.5554 
2.3201 
3.3480 
4.694 
6.491 
8.592 
11.290 
14.608 
18.674 
22.122 


0 .0010798 |0.5087 
0.0011021 |0.3068 
0.0011275 |0.1939 
0.0041565 [0.1272 
0.0011900 |0.08606 
0.0012291 |0.05967 
0.0012755 |0.04215 
0 .0013322 |0.03013 
0.0014036 |0.02164 
0.001499 |0.01545 
0.001639 {0.01078 


’ 


i’, ”, 
kJ/kg | kJ/kg 


419.1 
503 . 7/2706 
589 .0:2734 
675 .5/2758 
763 .4/2778 
852 .4/2793 
943 . 7/2802 
1037 .5|2803 
1435 .1]2796 
1236. 9/2780 
1344.9)2749 
1462 .1]2700 
1594.7/2622 


2676 


0.001894 |0.006943)1762 2481 
0.00280 |0.00347 | 485.3) 542.7) 1.0332 


10. (continued) 


1.3071 
1.5277 
1.7392 
1.9427 
2.1395 
2.3308 
2.5179 
2.7024 
2.8854 
3.0684 
2.25948 
3.4495 
3.6605 
3.9162 


3”, 
kI/(kg-K) 


k5/(ke-K) 


7.3547 
7.1298 
6.9304 
6.7508 
6.5858 
6.4318 
6.2849 
6.1425 
6.0013 
5.8573 
5.7049 
5.5353 
5.3361 
5.0530 
1.0755 


Note: the parameters of critical state are: top=374.15 °C, Pop=22.129 MPa, 
Vop= 0.00326 m3/kg. 


14. Thermodynamic Properties of Ammonia on the Saturation Line 


ty 9G 


p, MPa 


0.0409 
0.0546 
0.0718 
0.0932 
0.1195 
0.1516 
0.1902 
0.2363 
0.2909 
0.3549 
0.4294 
0.5517 
0.6450 
0.7283 
0.8572 
1.0027 
1.1665 
1.3499 
1.5544 
1.7814 
2.0326 


vw", 
v’, m3/kg m3/kg 


0.001425 | 2.623 
0.001437 | 2.007 
0.001449 | 1.550 
0.001462 | 1.215 
0.001476 | 0.963 
0.001490 | 0.774 
0.001504 | 0.624 
0.001519 | 0.509 
0.001534 | 0.418 
0.001550 | 0.347 
0.001566 | 0.290 
0.001583 | 0.244 
0.001601 | 0.206 
0.001619 | 0.475 
0.001639 | 0.149 
0.001659 | 0.428 
0.001680 | 0.441 
0.001702 | 0.096 
0.001726 | 0.083 
0.001750 | 0.073 
0.001777 | 0.064 


k5/(ke-K) 


3.3000 | 9.6204 
3.3767 | 9.5199 
3.4730 | 9.4245 
3.5672 | 9.3341 
3.6601 | 9.2486 
3.7514 | 9.1674 
3.8410 | 9.0895 
3.9293 | 9.0150 
4.0164 | 8.9438 
4.1022 | 8.8756 
4.1868 | 8.8094 
4.2705 | 8.7458 
4.3530 | 3.6838 
4.4346 | 8.6240 
4.5155 | 8.5658 
4.5954 | 8.5092 
4.6746 | 8.4536 
4.7528 | 8.3991 
4.8307 | 8.3455 
4.9078 | 8.2928 


s", 
kJ/(kg-K) 


i’, 
kJ/kg 


193.4 
215.6 
237.8 
260.0 
282.2 
304.4 
327.4 
350.0 
372.6 
395 .6 
418.7 


4.9840 | 8.2400 | 659.0 


i”, 
kJ/kg 


1608.4 
1616.5 
1624.9 
1632.8 
1640.8 
1648.3 
1655.9 
1662.6 
1669.3 
1675.1 
1681.0 
1686.4 
1691.0 
1695.6 
1699.4 
1703.2 
1705.7 
1708.2 
1709.9 
1710.7 
1741.4 


12, Thermodynamic Properties of Freon-12 on the Saturation Line 


v”, i’, 4” 8’ 8”, 
t, °C | p, MPa| 0’, m8/ke | ms/kg | kJ/kg | kJ/kg |kJ/(kg-K) | kJ/(kg-K) 


—39 |0.06730 |0.0006605 | 0.2337 | 384.06 | 554.63} 4.0513 | 4.7797 
— 35 |0.08076 |0.0006658 | 0.1973 | 387.46 | 556.59] 4.0655 | 4.7759 
—30 |0.10044 |0.0006725 | 0.1643 | 391.73] 559.06] 4.0832 | 4.7716 
—25 |0.12369 10 .0006793 | 0.1334 | 396.07 | 5641.54) 4.1007 | 4.7675 
—20 |0.15094 |0.0006868 | 0.1107 | 400.44 | 563.96] 4.1180 | 4.7642 
—15 |0.18257 |0.0006940 | 0.09268] 404.92 | 566.39] 4.1353 | 4.7640 
—10 {0.21904 |0.0007018 | 0.08713] 409.44 | 568.82) 4.1525 | 4.7583 
— 5 0.26080 |0.0007092 | 0.06635] 414.00] 574.16] 4.41695 | 4.7558 

0 |0.30848 {00007173 | 0.05667) 448.65 | 573.51| 4.1865 | 4.7536 
+ 5 {0.36234 |0.0007257 | 0.04863) 423 .34| 578.81] 4.2033 | 4.7515 
+10 |0.42289 |0.0007342 | 0.04204) 428.14 | 578.07] 4.2201 | 4.7498 
+45 |0.49094 |0 0007435 | 0.03648] 432.97 | 580.29] 4.2368 | 4.7484 
+20 |0.56653 |0.0007524 | 0.03175] 437.87 | 582.42] 4.2534 | 4.7466 
+25 |0.65062 /0.0007628 | 0.02773] 442.84 | 584.48] 4.2699 | 4.7454 
+30 0.74324 |0.0007734 | 0.02433] 447.83 | 586.44] 4.2864 | 4.7437 
+40 {0.95848 |0.0007968 | 0.01882) 458.08} 590.09} 4.3194 | 4.7410 
+50 |4.2147 /0.0008244 | 0.01459) 468.54 | 593.10] 4.3549 | 4.7374 
+60 |1.5182 |0.0008568 | 0.01167] 479.68 | 596.58} 4.3851 | 4.7360 
+70 |4.8727 |0.0008936 | 0.00919] 494 .07| 599.09] 4.4179 | 4.7327 
+80 |2.1840 |0.0009398 | 0.00723} 502.96 | 600.64] 4.4510 | 4.7276 


13. Specific Heat Losses q) and Specific Consumption of Heat 
dy Required to Ventilate Industrial Buildings 


Specific values, 


Structural 
Indoor | Volume of|___‘//(mS-hr-K) 
ape OF pulang ae oC Dulldines for heating i eae 
Vv 
Iron foundry 14 10-50 |4.25-4.05] 4.6-4.2 
50-100 |1.05-0.9 | 4.2-3.8 
100-150 | 0.9-0.75] 3.8-3.4 
Forge shop 14 Up to 10} 1.7-4.25] 2.9-2.5 
10-50 /4.25-4.05) 2.5-2.4 
50-100 |4.05-0.63) 2.4-4.25 
Assembly and fitting shops 15 5-10 | 2.3-4.9 | 1.7-1.05 
10-50 | 1.9-1.7 |4.05-0.63 
50-100 | 4.7-4.6 10.63-0.5 
100-200 | 1.6-4.5 | 0.5-0.34 
Wood-working shop 15 Up to 5 | 2.5-2.3 | 2.5-2.4 
5-10 | 2.3-4.9 | 2.4-1.9 
, 10-50 | 1.9-4.7 | 1.9-4.7 
Locomotive shed 45 Up to 5 | 2.9-2.7 | 4.7-4.25 
; 5-10 | 2.7-2.5 |4.25-4.05 
Amenity room, offices 18 0.5-4 2.5-1.9 _ 
and ancillary rooms 1-2 1.9-1.7 _— 
2-5 1.7-1.4 | 0.6-0.5 
5-10 | 1.4-4.25) 0.5-0.45 
10-20 |4.25-4.05]0 .45-0.4 
aE a SS a eee AS A EE oR StS AL 


14. Averaged Rated Indoor Temperatures of Air, fair 


eae Air temperature 
Type of building indoors te °C 


Residential buildings, hotels, hostels, office build- 


ings +18 
Colleges, schools, laboratories, restaurants, cafés 

and canteens, clubs +16 
Theatres, shops, laundries, fire stations +15 
Cinemas +14 
Nursery schools, kiridergartens, surgeries, health 

centres, hospitals +20 
Garages +10 
Bath-houses +25 


15. Specific Consumption of Heat qy for Ventilating Offices 
and Public Buildings 


Specific consumption of 
heat for ventilation q,, 


Type of building kJ/(m3-hr-K) 


Office buildings, research and planning 
institutes 

Clubs 

Theatres and cinemas 

Shops, colleges, fire stations 

Surgeries and health centres 

Hospitals 

Bath-houses, laboratories 

Cafés, canteens, and restaurants, gara- 
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ges 
Laundries 
Nursery schools and kindergartens 42 
Schools 34 


“Note: for tentative calculations, the value of q, = 0.85 kJ/(m3- hr-K) can 
be taken as the total volume of public buildings if’ a list of public buildingS 
is not available. 
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16. Volume of Buildings and the Number of Seats, Berths, 
Operations, ete. per 1000 Inhabitants, Hot Water Rate per Seat 
or Operation for Municipal and Office Buildings in Residential 


Districts 


e 
Figures per 1000 inhabi- 
tants 


Type of building 


Rate of hot water 
consumption per 


vi e eat, berth, opera- 
by outer | Number of seats, | *°"tlon, kelday 
Gimme netgns tions, ete. 
Office buildings 1000 _ _ 
Hotels with common 
baths and showers 500 5 berths 60 per berth 
Clubs and cinemas 1000 2 taps per 300 per tap 
district 
Canteens and cafés 1000 50 seats, 4 per dish 
125 dishes per 
day per seat 
Nonresidential kinder- 
artens 2000 75 seats 25 per seat 
Schools with bath-sho- 
wers in gymnasium 3400 200 seats 7 per seat 
Surgeries 360 | 30 visits a day 5 per visit 
Hospitals 600 6 berths 180 per berth 
Mcchanized laundries 825 |330 kg of linen 25 per kilogram 
per day of linen 


17. Rate of Hot Water 


Consumers 


Residental buildings with wash-stands, 
wash-basins and bath-showers 

Blocks of flats with bathrooms and showers 

Hostels with common shower-baths 

Hostels with canteens and laundries 

Hotels and boarding houses with common 
shower-baths 

Hotels and boarding houses with bath- 
rooms in 75% of rooms 

Hospitals, sanatoria and rest houses (witb 
common shower-baths) 

Health centres and surgeries 

Shower-baths at clubs with common cloak- 
rooms 

Shower-baths at amenities of works and 
gymnasiums 


Rate of hot water consump- 
tion at t) = 65 °C 


80-100 1/(day-inhabitant) 
410-130 1/(day-inhab.) 
40-50 1/(day-inhab.) 
50-60 1/(day-inhab.) 
50-60 1/(day-inhab.) 
120-460 1/(day-inhab.) 


150-480 1/(day-berth.) 
5 1/visitor 


460-180 1/(hr-unit) 
270 l/hr 


17. (continued) 


Rate of hot water consump- 
Consumers tion an t,=65 °C 


Russian-type bath-houses (without swim- 
ming fools) 90-440 1/visitor 

Mechanized laundries . 20-25 I/kg of dry linen 

Colleges and schools with shower-baths 


at gymnasiums 7 I/student 


Kindergartens 25-30 1/(day-child) 
Restaurants, canteens, and cafés 4 1/dish 
Water taps at works, canteens, cafés, 

shops, etc. 250-300 1/tap 
Water taps of common wash-stands at 

restaurants, cafés, canteens, etc. 55-65 1/(hr- tap) 
Hair-dressing saloons 40-65 1/(day-seat) 
Garages with facilities for manually 

washing : 

cars 150-200 1/car 

lorries 200-300 l/lorry 


buses 250-350 1/bus 
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Rational expenditure of heat is impossible with- 
out engineering knowledge and the theory of 
thermal processes. So much so—these processes 
are maintained not only in heat engineering but 
in many other technologies, e.g. chemical en- 
gineering. 

Chemical and petroleum industries grow rapidly 
and rank among the first in the use of thermal 
energy. Hence the growing demand for more 
(echnicians to handle the work. 

This may serve as a textbook for technical 
schools. It is divided into three parts, dealing 
separately with the principles of thermodynamics, 
heat transfer, and heat engineering respectively. 


